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ABSTRACT
ESR has been used to study multi-phase food systems, including ice cream 
and chocolate, using both spin probes and spin labels. Chemical and 
physical methodologies were developed and applied to study the behaviour of
1,1,3,3-tetramethylisoindolin-2-yloxyl (TMIO), the 5-pentyl derivative (PTMIO) 
and the water-soluble 5-sulphonate (NalMIOS) spin probes in hydrophilic and 
hydrophobic phases over a range of temperatures. Linewidths and hyperfine 
coupling constants (aN) were derived using fitting and simulating computer 
software, from which rotational correlation times (xc) and enthalpies of 
activation of molecular rotation were calculated. These give an indication of 
the local environment of the probe.
In the hydrophilic phase of ice cream there was a sharp reduction in probe 
mobility at -18 °C, which did not occur in the hydrophobic phase. In 
chocolate, an essentially hydrophobic system, no sudden changes in mobility 
were detected although at around 60 °C there was a change in the enthalpy of 
activation.
Spectral deconvolution techniques enabled the simultaneous study of 
NaTMIOS and TMIO in the hydrophilic and hydrophobic phases of ice cream 
and enabled the study of TMIO spectra in the presence of the underlying 
spectrum of the radical present in chocolate.
Guar gum and xanthan gum are used as stabilisers in ice cream and were 
spin-labelled using 5-carboxy-TMIO (CTMIO) and 5-amino-TEMPO 
respectively. The ESR spectra showed that the mobilities of the nitroxide 
moieties were comparable with the free spin probes. The addition of the 
gums to a sucrose solution, a model hydrophilic system, had no appreciable 
effect on the mobility of the NaTMIOS spin probe.
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CHAPTER 1
INTRODUCTION
1. INTRODUCTION
The physical chemistry of food is critically linked with parameters such as 
taste, texture and appearance. Properties such as texture (mouthfeel) and 
taste are referred to as 'organoleptic' properties, that is 'they affect the organs 
of taste'\ Other physical properties are also important as they influence the 
shelf-life, storage and overall acceptance from those who will purchase and 
consume the final product. Many of these properties are brought about by the 
composition, the manufacturing process and storage conditions of the 
product. These all play a vital role in determining the final physical state of 
food.
The subject of ‘food systems’ is vast and covers a wide range of different 
scientific disciplines and techniques. It would be a huge task to cover all 
areas however, a few have been touched upon. Past and current studies vary 
from general foodstuffs to specific compounds and interactions within a food 
system. Examples of food systems being researched include chocolate^’"^ , 
cereals^, cookies®, dairy products®'^, bread®, dough®'®’ °^, fruit and 
v eg e t a b l es ^c h ee se  and ice cream^®'^®. Besides specific foods, general 
structure^'"^’®’^^ '^ ®, behaviour of different ingredients^®'^®’^ '^^  ^ and component 
interactions®'^®'^® are all of interest and lead towards a better understanding of 
these systems.
Various techniques are utilised in these studies. For example, low 
temperature scanning electron microscopy (LT-SEM) to observe 
microstructure^'^, differential scanning calorimetry (DSC) to characterise 
different food systems^®, reverse high pressure liquid chromatography (HPLC) 
to analyse hydrocolloids present in foods®®, light scattering techniques to 
study fat crystal networks®^ and magnetic resonance.
Magnetic resonance techniques have been applied frequently to food 
chemistry in recent years^^®^ however, though nuclear magnetic resonance
(NMR)®’ ®^'^ ® and magnetic resonance imaging are in frequent
use, electron spin resonance (ESR) is a technique that has not been fully 
utilised. Some work has been carried out on lipids and proteins^®’^ ®’®"*'®® using 
ESR spectroscopy and on carbohydrates^®'^^ ®®. ESR spectroscopy has been 
used to study various components of food systems^®’®'^ '®^'®®. Irradiation of 
foods"^ ®'"^  ^ has also been studied, which includes fruit and vegetables'^'*®, 
fish*®, wheat*^ and meat*®'®®. Antioxidants® '^®® and the oxidative stability of 
food lipids®*'®® have been studied using this technique.
In this current project, I have examined the potential use of ESR spectroscopy 
in the study of two food systems, ice cream and chocolate.
1.1 ESR s p e c t r o s c o p y ” '®®
1.1.1 Introduction
ESR spectroscopy is a technique that involves the absorption of 
radiofrequency electromagnetic radiation by an electron typically in the 
microwave region. It is also known as electron paramagnetic resonance 
(EPR): however for the purpose of this thesis, it will be referred to as ESR. 
Magnetic fields are measured in the SI unit, millitesla (mT) or in gauss (G) 
(where 1 G = 10'  ^ mT).
Substances studied by ESR are paramagnetic species containing one or 
more unpaired electrons (e.g. free radicals, transition metal ions). To be 
studied by ESR methods, the lifetimes of these species must be greater than 
10 ® seconds. Species with shorter lifetimes would not be detectable.
For absorption to occur the resonance condition [1.1] must be fulfilled.
hv = g|LipBo [1.1]
Where Bo and |ip are the applied magnetic field and Bohr magneton 
respectively. The dimensionless parameter g, is the gyromagnetic ratio, 
which will be discussed later. Typically spectra are observed at the X-band 
frequency of ~9 GFIz in a magnetic field of -325 mT.
1 . 1 . 2 Spectral Parameters
As in all forms of spectroscopy, four properties of the spectral lines are 
important: intensity, linewidth, position and any multiplet structure. The 
intensity of the line is proportional to the concentration of the paramagnetic 
species present and the linewidth depends on the relaxation time of the spin 
state under study (discussed later). The multiplet structure shows what 
species are present and the position of the absorption varies directly with the 
applied field (g-factor as shown in the resonance condition [1.1]).
1.1.2.1 Lineshapes
The lineshapes can be described in ESR spectroscopy as Lorentzian or 
Gaussian in nature or as a combination of the two. Lorentzian line shapes 
have weak absorption in the wings (fig. 1.1a) and are generally observed for 
absorptions that have no inhomogeneous broadening.
(a) Lorentzian
(b) Gaussian
Figure 1.1: Lorentzian and Gaussian lineshapes
Gaussian lineshapes (fig. 1.1b) are broader in the central region but have a 
smaller extension in the wings compared to Lorentzian and result from
inhomogeneous broadening. The first derivative of the absorption peak is 
normally observed (fig. 1.2b) as in ESR the lines are generally broad 
compared with the usual field modulation frequency of 100 kHz. The full width 
at half height (FWHH = AB%) of the absorption peak is VS times the separation 
of the maximum and minimum in the derivative spectrum, ABpp, for the 
Lorentzian line and (2 In 2)^ times for the Gaussian.
■4-----►
ABpp
Fig 1.2: Lorentzian lineshapes a) absorption curve and b) first derivative
A typical linewidth (ABpp) of a nitroxide in free rotation is 0.1 mT which is 
equivalent to -2.8 MHz. In comparison, linewidths in NMR are in the order of 
Hz.
1.1.2.2 Position
The g-factor determines the position of the spectrum (fig. 1.3) and is 
characteristic of the sample under study. It may be obtained by simultaneous 
measurement of the magnetic field with a gauss meter and of the microwave 
frequency using a frequency counter. For an unpaired electron where the 
only source of magnetism is its spin, the g-factor has a value of 2.0023. This 
is referred to as the spin-only value or ge. In reality, there are other sources of 
magnetism, for example the orbital angular momentum of the electron. This 
combines with electron spin and moves the value of g away from ge. For most 
organic radicals, any angular momentum is generally quenched, as the 
unpaired electron is not localised to a single bonding orbital. In this case, 
deviations from ge are small. The centre of a rapid-motion spectrum is 
determined by the isotropic g-factor (giso).
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Figure 1.3: Spectrum of a nitroxide radical In free rotation.
1.1.2.3 Multiplet Structure
If in ESR the single absorption peak was all that was obtained it would not 
give much information except the g-value. Spectra observed often show 
multiplet structure due to hyperfine couplings between the spin of the 
unpaired electron and of nearby nuclei in the molecule. A nucleus with a spin 
quantum number I will have 21 + 1 different orientations. Nitroxide radicals are 
of primary interest and hence will be used in describing hyperfine coupling. 
Nitrogen has two stable isotopes, "^^ N and ®^N which have different spin 
(^ "^ N I = 1 and ®^N I = %). The resonance line will be split into 2nl + 1 lines due 
to the hyperfine coupling and is labelled with the quantum number mi (n refers 
to the number of equivalent nuclei present). For a "^^ N nucleus, there will be 
three lines corresponding to mi = +1, 0 and -1 (2 x 1 + 1) and for ®^N there will 
be two lines, m; = +% and (2 x >2 + 1). A hyperfine coupling constant can 
be obtained from the spectrum corresponding to the splitting between the 
lines. For nitrogen radicals this is labelled aN (fig. 1.3).
In some spectra there is also secondary hyperfine coupling from other nuclei 
near the radical centre. In the case of some nitroxide radicals, these other 
nuclei are carbon and protons. has a spin number I = 0 so no splitting 
occurs however, has I = %. has a low abundance so the effect on the 
spectrum is minimal but appears as satellites and as a doublet on each 
splitting (I = therefore two lines), which is indicated by the arrow in figure 
1.3. In many spectra of nitroxide radicals the coupling with protons is 
unresolved and will broaden the peaks resulting in a Gaussian lineshape.
Both the hyperfine coupling constant and g-factor are solvent dependent and 
when a paramagnetic species is moved from a hydrophobic to a hydrophilic 
medium, the value of the hyperfine coupling constant increases and the 
g-factor decreases. These spectral parameters enable ESR spectroscopy to 
shed light on electronic structure, reaction mechanism and solvation.
Chemical information can also be obtained in the form of the number of lines, 
hyperfine splitting and the relative intensities of the absorptions.
Spectra recorded are affected by molecular orientation and rotational 
correlation times (tc) can be calculated which characterises this motion. 
Figure 1.4 shows a series of spectra obtained for a nitroxide radical.
Figure 1.4: Spectrum of a nitroxide changing with decreasing temperature,
a) 25 °C, b) -14 °C and c) -60 °C
When the nitroxide radical is experiencing fast motion (typically tc -10'^^ s) 
three distinct narrow lines are obtained (fig. 1.4a). This is the fast motional 
region. As the nitroxide experiences an environment, for example, of greater 
viscosity because of decreasing temperature, where molecular rotation is not 
as fast, a slower tc is obtained. This is represented by broader lineshapes but 
the positions of the high, centre and low field lines have not moved. Figure 
1.4b shows this and is typical of a nitroxide in the slow motional region 
(tc ~3 X 10'® s). Figure 1.4c shows a spectrum obtained for a nitroxide 
experiencing very slow motion (tc < 10'® s) and is a rigid powder spectrum.
1 0
The g-factor is anisotropic, that is it has three principal values along three 
orthogonal axes: gxx, gyy, Qzz- In the fast motional region these values are 
averaged due to relatively free rotation and give an average value of giso- 
Hyperfine coupling is also anisotropic and is analysed in terms of an isotropic 
value aN which is observed in mobile spectra and an anisotropic coupling with 
components Axx, Ayy, and Azz which average to zero in the mobile case.
1.1.3 Line Broadening
The ESR spectrum represents a statistical average over all the radical 
molecules present. Ideally, narrow lines are desired but there are different 
types of line broadening that are homogeneous or inhomogeneous in nature, 
the former leading to a Lorentzian lineshape and the latter to a Gaussian one.
1.1.3.1 Homogeneous Broadening
Spin-lattice relaxation is a cause of line broadening and involves giving up 
energy to the surroundings (the lattice). Ti is the relaxation time associated 
with this process. It controls the time taken for a system to attain thermal 
equilibrium in a magnetic field and in limiting the lifetime of the spin states, 
broadens the lines. When Ti is long, relaxation is inefficient and the system 
will saturate readily with ensuing broadening. This is avoided by using low 
power settings, which gives less energy to be dissipated to the lattice.
Spin-spin relaxation is another cause of line broadening and operates by the 
random field modulation of Bq. T2 is the relaxation time associated with 
transverse magnetisation and is directly proportional to the linewidth.
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11.3.2 Inhomogeneous Broadening
Hyperfine interactions can cause inhomogeneous broadening. Unresolved 
coupling from the protons in nitroxides will cause broadening and the binomial 
distribution approximates very closely to a Gaussian lineshape. By replacing 
the protons with deuterium, this cause of line broadening can be reduced. 
Figure 1.5 shows 1,1,3,3-tetrakis(trideuteriomethyI)isoindolin-2-yloxyl 
(TMIOD) with deuteriated methyl groups.
Figure 1.5: 1,1,3,3-T etrakls(trideuteriomethyl)lsolndolin-2-yloxyl
Magnet inhomogenity is an obvious cause of line broadening which is 
extremely important in NMR but much less so for ESR.
1.1.4 ESR in Foods
ESR spectroscopy is utilised in attempting to understand different food 
systems and problems faced in food chemistry.
Irradiation of food is a technique that is used to control insect and microbial 
infestation of different foodstuffs, delay ripening of fruits and vegetables and 
reduce the dangers from food poisoning"^®. ESR spectroscopy is used in this 
area of research as irradiation produces free radicals'^®. Dose determination 
is important in irradiating foodstuffs because eventually they are consumed
1 2
and health issues become important. ESR has been used to determine 
identification and dose determination of kiwi, papaya and tomato'^ ®'"^ ®, dried 
almonds, raisins, dates and pistachio' '^^. Free radicals produced in mackerel 
on irradiation have been investigated'^® and in lamb'*® and chicken®®. Spin 
probes have also been used in irradiation studies. Sunnetcioglu et dosed 
some wheat seeds with a spin probe solution. The effects of irradiation were 
studied by monitoring changes in the spin probe using ESR.
ESR spectroscopy has also been used to study the degradation of 
antioxidants such as vitamin C and E in soybean®^ and spices®^ using spin 
traps (radical scavengers).
Food lipids can have a tendency to oxidise and form radicals®'*®®. The 
oxidative stability of food lipids has been evaluated using spin traps and ESR 
spectropscopy®'*'®®. This evaluation may lead to determination of a practical 
shelf-life for a variety of food lipids®'*.
Another area of interest is proteins and how they stabilise oil-in-water 
emulsions. LeMeste et af®'®'* have studied milk proteins using a nitroxide 
homologue of a fatty acid (stearic acid). Roozen et a/®® used ESR 
spectroscopy and spin probes in relation to food quality and storage. The 
authors, using spin probes, studied sucrose-water solutions as a function of 
temperature in the liquid and glassy state®®. A similar study, using a new spin 
probe, was carried out by Belton et aP in aqueous sucrose solutions of 
varying concentrations. Phase changes in fat were also investigated by 
LeMeste et a P  using a fatty acid spin probe.
Many foods have been investigated using ESR but none specific to ice cream 
or chocolate.
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1.2 NITROXIDE RADICALS
1.2.1 Introduction
59
In ESR spectroscopy, nitroxides are used to study viscosity, structure, 
diffusion, etc. of a variety of systems. ‘Nitroxide’ is used for this class of 
compound but ‘nitroxyl’ is also widely used®® and believed by some to be the 
correct nomenclature^^ The nomenclature preferred by lUPAC®® is ‘aminoxyl 
radicals’ as the other names used suggest the presence of a nitro group®®. 
However, for the purpose of this thesis, ‘nitroxide’ has been adopted.
Nitroxides contain a N-0 bond, this being with a disubstituted nitrogen atom 
and the third substituent being a one valent oxygen atom. They can be 
represented by the resonance structures shown in figure 1.6. They have a 
high sensitivity to ESR techniques, can have good chemical and thermal 
stability and are readily available. They are stable in that they can be 
obtained in a pure form and they can be handled and stored by conventional 
organic chemistry methods. Nitroxides can be synthesised by conventional 
laboratory methods and require no special experimental conditions that are 
needed for the formation of many free radicals.
N -0 -  ^ N - d
Figure 1.6: Nitroxide resonance structures
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In ESR spectroscopy they can be used in a manner of ways, (i) as spin 
probes, (ii) as spin labels and (iii) as spin traps. Spin probes are a non- 
invasive method for studying a variety of systems. Low concentrations (mM) 
can be used in ESR spectroscopy, therefore only small quantities are required 
in the system under study. Nitroxide radicals can be covalently bonded to 
form spin-labelled analogues of many compounds and one area of interest is 
carbohydrates^^ Spin labelling is one of the most extensively used 
techniques in the field of nitroxide radicals^^ ®\ Nitroxide radicals are also in 
frequent use as spin traps. Due to their stability (chemical and thermal) they 
can be introduced into a system where they trap short-lived radicals. This 
enables the study of free radicals, which under normal conditions are too 
unstable and short-lived to be studied.
1.2.2 Stability
The stability of nitroxides is dependent on two factors, the nitroxide moiety 
and the substituents surrounding it. The stability of the nitroxide moiety is due 
to the strong three-electron nitrogen-oxygen bond. This bond has a high 
delocalisation energy (-30.4 kcal mol'^ (127 kJ moM)) associated with it, 
which contributes to a low energy content. The absence of dimérisation is 
also due to this factor. To dimerise, a weak oxygen-oxygen bond (bond 
enthalpy = 146 kJ moM)®  ^ needs to be formed. This weak bond cannot 
compensate for the loss of the delocalisation energy from two nitrogen- 
oxygen bonds.
The second factor influencing the stability of nitroxides is the substituents 
surrounding the nitroxide moiety. Conjugation around the radical centre 
enables the electron density to délocalisé across the molecule. This 
contributes towards the thermodynamic stability of the molecule, however this
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délocalisation causes chemical instability. Figure 1.7 demonstrates this, 2 is 
stable in pure form whereas 3 rapidly disproportionates in solution.
-N-
IO
/) N
O
^ y — n^(ch3)3 ^
(CH3)3CNPh
O PhI (CH3)3CN N (CH3)3
o
(CH3)3CNPh
H
=N—(CH3)3 
O
Figure 1.7: Example of disproportionation in conjugated nitroxides about the
radical centre
A carbon-carbon (e.g. C=C) or carbon-heteroatom (e.g. C=0) multiple bond in 
an a position to the radical centre can also lead to weak stability due to 
delocalisation. Low stability can also be typical for nitroxide nitrogen- 
heteroatom bonds. The presence of a p hydrogen atom can lead the 
molecule to disproportionate causing Instability as shown in figure 1.8.
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Figure 1.8: Disproportionation of a nitroxide containing a p-hydrogen
In general, dialkyl nitroxides with p hydrogens are unstable and cannot be 
isolated. Bulky substituents attached to the nitrogen can aid stability when 
there are p hydrogens present as disproportionation is sterically hindered by 
these substituents.
Stable radicals that are in use and ideal for spin labelling, trapping and 
probing are based on bis(ferf-alkyl) nitroxides. Secondary amine A/-oxides 
make up the majority of stable nitroxide free radicals as there are no p 
hydrogens (fig. 1.9)®''.
R
R3
R4
R
R2 
N— O- 
Re
Figure 1.9: Stable nitroxides based on secondary amine N-ox\des where R = alkyl,
aryl etc. but not H.
Three general points can explain the stability of nitroxides, (i) electronic 
structure of the molecule, (ii) steric hindrance of the radical centre by 
substituents attached to the nitrogen, (iii) absence of an effective mechanism 
of degradation for most bis (fenf-alkyl) nitroxides.
17
Some nitroxide radicals commercially available for spin probe/label studies 
are shown in figure 1.10. 4,4-Dimethyloxazolidine (4) (doxyl), 2,2,5,5-tetra- 
methylpyrrolidine-A/-oxyl (6) (proxyl) and 2,2,6,6-tetramethylpiperidine-A/-oxyl 
(6) (TEMPO) are all stable and a variety of derivatives are available to 
purchase.
/
O N— o- N— O
R = numerous groups inc. alkyl, aryl, carboxyl, stearic acid etc. 
Figure 1.10: Nitroxides commercially available
1.2.3 TMIO radicals
A group of nitroxide radicals, not yet commercially available, but proven to be 
one of the most stable known is based on 1,1,3,3-tetramethylisoindolin-2- 
yloxyl (TMIO) (1) (fig. 1.11)
NO*
Figure 1.11: 1,1,3,3-Tetramethylisoindolin-2-yloxyl (TMIO)
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In 1969, Rozantsev et a P  synthesised 1,1,3,3-tetraethylisoindolin-2-yloxyl (7) 
and its 5-nitro derivative (8) (fig. 1.12). Later the 5-amino derivative (9) 
(fig 1.13) was also prepared®" ,^ which had potential in its use in synthesising 
new radicals.
R = H- 7 
O2N- 8 
H2 N- 9
Figure 1.12: 1,1,3,3-Tetraethyl[solndolin-2-yloxyl and derivatives
In 1972, Giroud and Rassat® ,^ published a paper where they laid out the 
synthesis of 5-nitro-1,1,3,3-tetramethylisoindolin-2-yloxyl (10) and its 5-amino 
derivative (11) (fig. 1.13). The 5-nitro nitroxide radical was synthesised 
by oxidation of 5-nitro-1,1,2,3,3-pentamethylisoindoline®® (12) (fig. 1.13). 
Hydrogenation of the 5-nitro derivative followed by oxidation using lead (IV) 
oxide resulted in the 5-amino product. Hydrogenation of a nitroxide results in 
the nitroxide moiety also being reduced, hence the necessity for subsequent 
oxidation using lead (IV) oxide.
NO.
R — O 2 N- 10 
HgN- 11
NCH
12
Figure 1.13: 5-Nltro and 5-amino-1,1,3,3-tetramethylisoindolin-2-yloxyl and precursor
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Griffiths et aP, in 1982, published a paper reporting on the synthesis of 
1,1,3,3-tetramethylisoindolin-2-yloxyl (TMIO) (1). They were interested in the 
initiation mechanisms of radical polymers. To capture the short-lived alkyl 
radicals formed during the initiation and before the propagation occurs they 
used radical scavengers or spin traps^^"^\ They were studying nitroxide 
radicals for use in spin trap experiments. Previously^^, they had utilised the 
readily available nitroxide, 2,2,6,6-tetramethylpiperidine-A/-oxyl (TEMPO) (6) 
as a spin-trapping agent, however the products obtained from TEMPO had 
poor UV absorption in the region (215 nm) where HPLC solvents start to 
strongly absorb®^. They found that TMIO was a better alternative in this case 
as it contained a detectable UV chromophore, thermally stable and 
symmetrical, which also minimised the number of isomers. TMIO was also 
relatively inert to free radical attack with the exception of alkyl radical 
compounds®®.
TMIO has been fully utilised as a spin trap agent®^ '®®'^ '^^ .^ Its high stability 
and ability to couple to carbon-centred radicals but not oxygen-centred 
radicals makes it a desirable radical scavenger in the study of the former^®.
In recent years, TMIO has been found to be a useful spin probe/label^®'®® due 
to its high thermal and chemical stability. It can be derivatised^®’®"^ '®®'®® to be 
soluble in the chosen medium and gives a relatively simple ESR spectrum of 
three lines. As stated by Sutcliffe®\ TMIO has proved to be one of the most 
stable nitroxyl radicals known’.
2 0
1.2.3.1 Synthesis of TMIO
TMIO (1) can be synthesised in three relatively simple steps (fig. 1.14).
o
13 0
NBn
[H]
cat.
b
MeMgl  ► NBn
NH H ,02V^2cat.
0 1
NO
Figure 1.14: Synthesis of TMIO
/V-Benzylphthalimide (13) is commercially available, as is methyl magnesium 
iodide (3M in diethyl ether) so the initial step of forming the Grignard reagent 
as carried out by Griffiths et aP  is now unnecessary. The first step (a), 
resulted in the lowest yields (typically <40 %). Grignard reagents react readily 
with amines so it is necessary to protect with a benzyl group. The benzyl 
group is easily removed in the subsequent step (b) of hydrogenation. Griffiths 
et al hydrogenate at high pressure using a palladium on carbon catalyst, 
however an alternative method was devised by Buggey®^ using a hydrogen 
transfer agent, ammonium formate. This method required less time and still 
resulted in good yields (in excess of 80 %). The oxidation to the nitroxide 
radical (1) required gentle stirring at room temperature for 48 h with hydrogen 
peroxide in the presence of a catalyst (sodium tungstate dihydrate/ The high 
yield product (<90 %) is very stable and can be stored in a jar and left on a 
shelf for a long period of time with no deterioration.
2 1
The stability and narrower linewidths of TMIO relative to commercially 
available radicals more than compensates for the relatively easy task of 
synthesis.
1.2.3.2 Tailoring of TMIO
TMIO, though a useful radical by itself, does have some limitations in its use 
as a spin probe. This is partly due to its solubility. For spin probe studies it is 
desirable to have a selection of stable nitroxide radicals for different media. 
TMIO is a radical that can be derivatised in a variety of ways, primarily by 
substitution in the 5-position (fig. 1.15). By changing the functional group, 
TMIO can be tailored for aqueous or organic media or both.
NaSO-
NO.
NaTVIIOS (14)
NO.
RTMIO (15)
HOoC..
NO. NO. NO.
ATMIO (16) CTIVIIO (17) NTMIO (18)
Figure 1.15: TMIO derivatives
Sodium-1,1,3,3-tetramethylisoindolin-2-yloxyl-5-sulphonate (NaTMIOS) (14) 
was synthesised by Bolton et aP  and Gillies et a F  and is soluble completely 
in aqueous media. After the débenzylation shown in figure 1.14 (step b) the 
amine is treated with oleum and sodium hydrogen carbonate. The oxidation
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is under the same conditions as for TMIO. The 5-(/7-alkyl) derivative of TMIO 
(RTMIO) (15) is useful for the study of organic media. The methyl^®’®®, 
pentyl®^’®^ and octyl® ’^®^ derivatives have all been synthesised. Figure 1.16 
shows the reaction scheme for the pentyl derivative.
HO BnNHg HO SOCI, Cl
[RaCuLi]
BuLi/Cul
C
NBn
MeMgl BuBuBu NBn NBnNBn
NO.
Figure 1.16: Synthesis of 5-(/7-pentyl)-1,1,3,3-tetramethylisolndolin-2-yIoxyl
Steps a to d are involved in the synthesis of the benzyl protected amine 
functionalised in the 5-positions. Steps e to g follow the same procedure as 
for TMIO (fig. 1.14).
5-Amino-1,1,3,3-tetramethylisoindolin-2-yloxyl (ATMIO) (16) is a useful 
nitroxide for spin-labelling, as is 5-carboxy-1,1,3,3-tetramethylisoindolin-2- 
yloxyl (CTMIO) (17). Both the amino (19) and carboxy (20) nitroxide 
derivatives of TEMPO (fig. 1.17) have been used in labelling studies of 
carbohydrates^^ 5-Nitro-1,1,3,3-tetramethylisoindolin-2-yloxyl (NTMIO) (18) 
is a precursor for ATMIO.
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H2N— —O* HO2C— —O'
19 20
Figure 1.17: Amine and carboxy derivatives of TEMPO
TMIO can be functionalised to partition between two phases. TMIO itself 
does partition in the ratio of 0.3:99.7, water to n-octanol whereas CTMIO 
partitions in the ratio 17:83®'*
Nitroxide radicals can also be isotopically labelled allowing the possibility of 
studying various phases simultaneously. An example would be ®^N labelled 
NaTMIOS and ^^ *N labelled TMIO in a sample of salad cream®®. The two-line 
spectrum of the ®^N radical falls between the three-lined ^^ *N radical and this 
spectrum can be deconvoluted to give the two separate spectra.
In some studies. It Is essential to have narrow spectral lines. Unresolved 
splittings from the methyl protons In TMIO can be solved by labelling with 
deuterium. This can be accomplished by using deuteriated methyl 
magnesium iodide in the Grignard reaction.
There Is a great potential for these nitroxides in the study of food systems. In 
this current research they have been applied to the study of two. Ice cream 
and chocolate. They also have the potential to be used as spin labels and 
have been applied in this research to the study of stabilisers used In Ice 
cream.
24
1.3 FOOD SYSTEMS
1.3.1 Ice Cream^®
ice cream is a frozen dairy food product produced by cooling a prepared mix 
with agitation to incorporate air and ensure uniformity^®. Frozen ice cream 
can be regarded as an aerated emulsion or foam®'*. It is a highly complex 
multi-phase food system and before the freezing process and incorporation of 
air, it can be described as an oil-in-water emulsion®®, which makes it an ideal 
system for ESR studies.
The ‘ideal’ ice cream is dependent on the consumer and the targeted market 
(i.e. economy, standard, luxury etc.). The character of ice cream is influenced 
by its constituents, manufacture etc. and these factors are balanced to give 
the desired final product^®.
Important considerations for ice cream are the cost and handling properties 
(viscosity, freezing point, whipping rate, flavour, body and texture)^®. The 
physical properties are important and these in turn lead to the organoleptic 
properties. An ideal ice cream will taste good and melt in the mouth. It will 
not be icy which is associated with big ice crystals and a very low freezing 
point. It needs to have a resistance to melting though not too great, good 
whipping properties and a high viscosity though not to excess.
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1.3.1.1 Physical Properties
Ice cream is a complicated physiochemical system where air cells are 
dispersed in a continuous liquid phase with embedded ice crystals^®. 
Dispersed in this liquid phase are solidified fat globules, milk proteins, 
insoluble salts, lactose crystals (in some cases), stabilisers, sugars and 
soluble salts^®. Many of these are found in milk which is mainly composed of 
water but contains milkfat, MSNF (milk-solids-not-fat), proteins (casein), 
lactose and minerals (Ca, K, P, Mg, Fe, Cl, Qu and traces of others in the 
form of citrates, phosphates and oxides)^®.
Ice cream mix refers to the system before air is incorporated through the 
freezing process. It is a complex colloidal system where substances occur in 
the serum (aqueous phase), colloidal suspension and a coarse dispersion^®. 
The serum includes the sugar and salt constituents, which are small 
molecular or ionic size, and they have a strong affinity to water. The colloidal 
suspension includes milk proteins, stabilisers, insoluble sweetener solids and 
possibly phosphates of milk minerals. These components do not affect the 
freezing point. The coarse dispersion includes the fat globules. The proteins 
in the colloidal suspension help make the ice cream compact and smooth 
preventing a weak body and coarse texture^®.
The viscosity of the ice cream mix is an important factor in producing a good 
product. The higher the viscosity the greater the resistance to melting, the 
smoothness of body increases and the possible rate of whipping decreases. 
Factors affecting viscosity are (i) composition, (ii) kind and quality of 
ingredients, (iii) processing and handling of the mix, (iv) concentration (e.g. 
total solids) and (v) temperature.
The freezing point is also important and it is dependent on the soluble 
constituents. The initial freezing point is approximately -2.8 to -2.2 °C and 
lowers with further freezing. Fligh sugar and MSNF will give an ice cream mix
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with a low freezing point whereas high fat, low sugar and MSNF will give a 
mix with a higher freezing point. An ice cream with a very low freezing point 
will tend to be icy and is undesirable.
The whipping rate is dependent on (i) the efficiency of the whipping 
mechanism, (ii) the viscosity of the mix and (iii) the completeness with which 
air, once incorporated, is held. The overrun (OR) is a measure of how 
efficient the whipping is. The OR is the volume of ice cream obtained in 
excess of the volume of the mix. This is usually expressed as a percentage 
and is calculated using equation [1.2].
Volume of ice cream -  volume of mix X100 = % [1.2]volume of mix
A higher OR is associated with more air being incorporated into the ice cream. 
It is important to get a balance as too much air will result in an ice cream that 
is too fluffy and too little air results in a soggy, heavy product. The amount of 
air to incorporate is difficult to define but the total solids content of the ice 
cream mix can give a general idea of the percentage OR. It is typical to have 
an OR that is two or three times greater than the total solids content. 
Therefore, a mix with a high total solids content of around 40 % could have an 
OR of over 100 %.
Water and air have an important role in the complicated physiochemical 
system. The gas (air) is dispersed in liquid (water), a solid or a mixture of the 
two. The continuous phase is a partly frozen emulsion with ice crystals and 
solidified fat globules embedded in the unfrozen water phase. The ice 
crystals are composed of pure water, as ice tends to purify itself®®. This 
leaves a concentrated serum of other solutes and sugar molecules®^. The fat 
globules have a diameter of 0.4 to 0.6 pm®® and are surrounded by 
protein®'*’®®. Partial fat agglomeration is important to the physical properties of
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ice cream^®’®^ and occurs due to the rupture of the lipid-protein membrane 
during freezing and incorporation of air®®'®®. Liquid fat flows out on rupture 
and holds the globules together®®. This partial agglomeration forms a network 
around the air cells and this aids in the resistance to melting®® and helps in 
maintaining structure.
1.3.1.2 Constituents 13
The constituents that make up the basic formulation of ice cream are milkfat, 
milk-solids-not-fat (MSNF), sweetener solids, stabilisers, emulsifiers, 
flavourings and water. Table 1.1 shows a variety of compositions used by a 
number of researchers.
Each constituent plays a vital role in the manufacture of ice cream and it's 
final acceptance by the consumer.
(i) Milkfat
Milkfat is a major component in ice cream and is the constituent that varies 
the most (8 to 24 %) depending on grade, price and competition. An 
economy ice cream will contain less milkfat than luxury. It adds richness to 
ice cream but a high content gives a higher calorie count and cost. The best 
source of milkfat is fresh cream but other sources can be used such as butter, 
butteroil and condensed milk blend. Milkfat retards the rate of whipping but 
does not lower the freezing rate.
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(ii) MSNF (milk-solids-not-fat)
The quantity of MSNF in ice cream varies inversely to that of milkfat to give a 
balanced mix and to ensure proper body, texture and storage properties. It is 
composed of approximately 37.3 % protein, 55.4 % lactose and 7.3 % 
minerals^®. Skim milk powder is a source of MSNF in ice cream products. 
MSNF are cheaper that milkfat hence more economical but add little to the 
flavour. They increase viscosity, resistance to melting and decrease the 
freezing point.
(iii) Sweetener Solids
Sweetener solids are added to ice cream primarily to increase the acceptance 
of the final product and to enhance the creamy flavour. Sucrose is commonly 
used though for economical, handling and storage reasons up to 45 % may 
be replaced by a corn sugar. Some of the other sweeteners used are brown 
sugar, dextrose, honey, corn syrup and lactose. The percentage of 
sweetening agent used is influenced by (i) the desired concentration of sugar 
in the mix, (ii) the total solids, (iii) the effect on properties e.g. freezing point, 
viscosity, whipping ability and (iv) the concentration of the sugar source other 
than sucrose e.g. undesired flavour of honey. Sucrose and other sweetener 
solids increase viscosity and total solids concentration of the mix and improve 
body texture so long as total solids are <42 % or sugar <16 %. Above these 
values, the ice cream is soggy and sticky. They decrease the freezing point, 
which results in a slower freezing and requires a lower temperature for proper 
hardening.
(iv) Stabilisers
The primary function of stabilisers is to prevent the formation of large ice 
crystals and to prevent coarsening of the texture under temperature 
fluctuations. Small quantities are used, generally 0 to 0.5 % but usually 0.2 to 
0.3 %. They have high water holding capabilities (combined with or as water
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of hydration) which smoothes the texture and gives body. They function 
through their ability to form a gel structure in water and limit the amount of 
free water. The use of stabilisers increases the viscosity of the mix and limits 
the whipping ability though they do not lower the freezing point. Their use 
improves smoothness, aids in preventing ice crystals in storage, gives 
uniformity, gives a desired resistance to melting and improves handling. They 
increase viscosity of the unfrozen portion and restrict migration of molecules 
to crystal nuclei, therefore limiting crystal size^®. Stabilisers in extensive use, 
individually or as a combination are sodium and propylene glycol alginates, 
carboxymethylcellulose (CMC), guar gum, locust bean gum, carrageenan 
(Irish moss extract), gelatin, pectin and xanthan gum.
(v) Emulsifiers
Emulsifiers are used to improve and provide a uniform whipping of the ice 
cream mix. They lead to an ice cream that is drier and has a smoother body 
and texture. Mono-glycerides, di-glycerides or both of fatty acids are used 
though milk contains natural emulsifiers (proteins, phosphates etc.). As for 
stabilisers the quantity is small not exceeding 0.2 %. They concentrate at the 
interface between the fat and aqueous phases and reduce the surface 
tension. This leads to the partial agglomeration of fat globules, which was 
discussed earlier. This process aids in reducing the whipping time and leads 
to smaller and uniform air cells. Excessive quantities lead to a slow melting 
and body and texture defects.
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1.3.1.3 Manufacture
The ice crystals that are formed during the freezing process are an important 
constituent to the complex structure of ice cream and, as previously 
discussed, are pure water. The mean crystal size increases during 
subsequent processing stages and during distribution and storage as a result 
of re-crystallisation, which leads to a coarse texture. Re-crystallisation is 
enhanced by temperature fluctuations and retarding this is of the utmost 
importance. The fluctuations in temperature are referred to as heat shocks 
and these greatly increase the rate of re -c rys ta llisa tion^Low er storage 
temperatures result in a slower crystal growth rate due to a reduction in the 
kinetic energy of water molecules in combination with an increase in the 
viscosity of the unfrozen phase and this decreases water mobility.
A satisfactory composition for ice cream is generally based upon cost, 
handling properties (viscosity, freezing point, whipping rate), flavour, body, 
texture, food value, colour and palatability^®. The manufacture of ice cream 
involves (i) pasteurisation, (ii) homogenisation, (iii) ageing and freezing, (iv) 
packaging, hardening and storage.
Pasteurisation destroys all pathogenic or disease producing bacteria. This 
also aids in the blending and improves the keeping quality as well as 
producing a uniformed product.
Homogenisation reduces the fat globule size (1/10 of normal size)^® to give a 
fine degree of subdivision and a high degree of dispersion. Consequently, 
this gives a permanent and uniform suspension.
Ageing is a period of time where the mix is left standing before freezing. 
During this time, the following changes occur: (i) the fat is solidified, (ii) the 
stabilisers swell to combine with water, (iii) proteins may change slightly and
(iv) the viscosity is increased. This process helps to produce an ice cream
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with smoothness of body and texture and resistance to melting. The mix also 
becomes easier to whip due to the above changes.
Freezing is the most important operation where the ice cream develops its 
structure further. During this process air is incorporated and ice crystals are 
formed. The mix is partly frozen with agitation and quickly drawn into 
packages and transferred to a cold room for hardening. If frozen until solid, 
transfer to the storage tubs becomes difficult. Rapid agitation reduces the 
viscosity by partly destroying the gel structure and breaking up fat globule 
clusters^®. After the freezing process the ice cream is poured and collected in 
containers to give the desired shape and size
The hardening process is important, as it is the continuation of the freezing 
process without agitation. The aim is to freeze the ice cream quickly to 
prevent large ice crystals. During agitation the temperature is about -5 
during hardening this temperature is lowered to ensure fast freezing and the 
ice cream is left there for at least 12 h.
Ice cream needs to be stored at a constant temperature as any fluctuations 
can result in heat shock.
1.3.1.4 Ice Cream Defects
If the constituents or manufacturing process are not quite balanced then two 
types of defects can occur, body and texture. For both types the influencing 
factors are size, shape and distribution of the ice crystals and air cells and the 
amount and distribution of the unfrozen material. The sources of these 
defects are the improper composition of mix, processing methods and storage 
conditions.
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A description of these defects is as follows:
(i) Body Defects
Crumbly: the ice cream lacks cohesion and pulls/breaks apart easily.
Causes are possibly because of low total solids content, 
insufficient stabilisation, excessive or large air cells^®.
Soggy: the ice cream has a dense or ‘wet’ appearance. Possible
causes are a low overrun, a high concentration of sugars 
decreasing the freezing point, excessive stabiliser or a high total 
solids content. These factors could also lead to a chewy or 
gummy ice cream^®.
Weak: the ice cream lacks firmness or ‘chewiness’ and has little
resistance to melting. Causes are probably because of a low 
total solids content combined with insufficient stabilisation^®.
(ii) Texture Defects
Coarse/Icy: the ice crystals in the ice cream are too large and not uniform in
size or the air cells are too large. This is a common defect and 
is due to insufficient stabiliser and a slow freezing in the freezer 
and during hardening.
Fluffy: the air cells within the ice cream are too large and give an open
texture. The overrun would need to be decreased in order to 
prevent too much air being incorporated into the mix.
Sandy: the ice cream contains lactose crystals that are slow to dissolve.
This is usually due to a high content of MSNF, a high fluctuation 
temperature, a high temperature when drawing from the freezer 
or a low viscosity of the unfrozen liquid phase""®.
Buttery: the ice cream contains lumps of butterfat that are easily
detected. This is because of incomplete homogenisation, a high 
fat content or a slow freezing process.
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1.3.1.5 Current Research
Due to the commercial value of ice cream, the desire to understand this 
complex food system goes towards finding the ‘perfect’ final product, which is 
cheap in cost and production for the manufacturer, accepted by the customer 
and is superior to other competitors products in the same range.
A variety of techniques have been utilised by researchers to further their 
understanding. Among these techniques NMR®®'^ ^®, viscometry®®’ °^ ’^ °^®'^ °^, 
microscopy®®, low temperature scanning electron microscopy 
(LT-SEM)^®'^®’®"^’®®’ '^'^ , transmission electron microscopy (TEM)®®’"'®^, laser light 
scattering^d ifferentia l scanning calorimetry (DSC)®®'®®'^ ®""'^ ®®, tensiometry”"® 
and thermomechanical analysis (TMA)®®’ ®^^ have all been used.
Many studies have been carried out on the texture®®’®® and physical 
characteristics^® of ice cream. The manufacturing process and its influence 
on ice crystals^"" and the general structure^®’®®'^ ®®'^ ®^ of Ice cream have been 
cited. The interactions of the various components®®’^^® within the food system 
continue to be researched. The effects of emulsifiers on the 
structure^®'^®®’^^ ®’^^  ^ and stabilisers on re-crystallisation®®’^®®'^continue to 
attract research into the study of ice cream and related systems.
However, no mention of ESR spectroscopy has been found specifically in the 
study of ice cream.
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118-1211.3.2 Chocolate
Chocolate is a multi-phase food system consisting of solid particles and fat^^ .^ 
Unlike ice cream, chocolate contains very little water (~2 %). Melted 
chocolate is made up of a suspension of solid particles in a continuous phase 
of liquid fat. The physical properties of chocolate are important in the 
production of a good product. These are brittleness, which is evident in the 
snap of chocolate bars and the melting, which should be fast and complete in 
the mouth at body temperature^^®. Plain chocolate was used in this present 
study.
1.3.2.1 Cocoa (Cacao) Beans
The bean consists of an inner cotyledon coated with a thin skin surrounded by 
the shelP^®. The cotyledon contains the germ rootlet. The origins of the 
beans vary and each has its own characteristic flavour. Countries of origin 
range from South America (e.g. Brazil, Columbia, Mexico) to Africa (e.g. 
Nigeria, Ghana). Major chemical components include organic acids, sugars, 
amino acids and p r o t e i n s ^ T h e  content of organic acids varies with the 
season and the source and can include among others, acetic, citric and lactic 
acids. Glucose, sucrose and fructose are the main sugars found in the beans 
but also raffinose, melibiose, stachyrose and other sugars. The principal 
amino acids include glutamic and aspartic acids and albumin, globulin and 
glutamin are proteins found in the bean. Other major components found are 
caffeine (hence the mild stimulating effects of chocolate), theobromine and 
trace elements which include manganese, iron, copper and zinc.
The cotyledon consists of two types of celP^®. About 90 % are colourless and 
contain the fat, starch, sugar and enzymes whereas the others are pigment 
cells^^®. These cells contain the colour pigments, tannin and theobromine. 
The pulp around the beans when removed from the pod is composed mainly
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of water (80-90 %) and includes various sugars (being mainly glucose and 
sucrose), proteins, starch, acids (mainly citric) and various inorganic salts.
1.3.2.2 Manufacture
After harvesting, the beans are dried before fermentation. The fermentation 
process is very important in producing a good flavoured chocolate that is even 
in colour and brittle. The process involves the beans being placed in a heap 
and turned occasionally to aerate and allow the release of carbon dioxide that 
is produced. This process takes several days and is dependent on the 
number of beans and their origin. Temperatures can rise up to 60 °C.
During the process, the beans lose about 65 % of their weight primarily in 
moisture loss^^®. The drying reduces the moisture content down to -7  %. 
Moisture greater than 8 % may result in mould forming during storage and 
transportation of the bean. Many chemical changes occur initially because of 
microbiological action and this process converts the sugar into ethanol, which 
is then converted to acetic acid.
Once fermentation is complete, the beans are dried before the next 
processing step. The cotyledon will contain cocoa butter which is unique to 
the bean and is the major constituent (-55 % of dry weight). Other 
constituents include carbohydrates, proteins, polyphenols and alkaloids. Also 
included are the flavour and aroma precursors that are not in the fat phase. 
Cocoa butter is not responsible for the chocolate flavour.
Before roasting the beans are cleaned and graded. This process is to remove 
any foreign matter like for e.g. clay and poor quality beans.
Roasting is important as it develops the aroma and flavour further, reduces 
the moisture content and loosens the shell. Generally five changes occur""
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(i) the flavour is developed, (ii) textural (shell is easy to remove), (iii) colour 
developed, (iv) excess moisture removed and (v) chemical changes.
Husking and winnowing must follow roasting with little delay as the beans pick 
up moisture readily. The cocoa bean now contains the dead germ, shell and 
nib. The shell and germ are completely removed from the cocoa nib as both 
make grinding difficult. Depending on the desired product, beans from 
different origins will be blended.
After husking and winnowing the beans are ground. The cocoa nib has a 
cellular structure with -55 % cocoa butter locked in these cells in the solid 
form. Grinding ruptures the cell walls and the heat caused by the friction 
liquefies the fat. The cocoa liquor flows out and is collected and hydraulically 
pressed.
The cocoa butter, cocoa liquor and other ingredients (e.g. sugar) are mixed 
then refined. The refining process changes the size of the particles and 
produces texture and smoothness. Too much can result in a slimy product. 
The process of conching is responsible for smoothing the chocolate and 
improving the flavour. This process is where the chocolate is rubbed hard 
with heavy granite rollers and at high temperatures for approximately 
72 hours. The term conching comes from the shell shaped tubs that are 
used, but no one knows exactly how conching works. It is reported that there 
are over two hundred possible flavour components, volatile and non-volatile, 
that have been identified. The process is thought to remove any undesirable 
volatile acidic compounds which are left after the fermentation process. There 
are several secondary e ffects^w h ich include (i) further removal of moisture
(ii) smoothing sharp edges of sugar crystals (iii) fat émulsification which 
changes the colour and also fat globule size reduced, (iv) viscosity changes 
and (v) mixing the blend thoroughly by breaking up any aggregates of sugar 
and cocoa particles. Conching also aids in allowing the coating of the 
particles in fat.
38
Following conching is the tempering process. This induces the cocoa butter 
to crystallise in its stable form and help ensure a long shelf life. It can prevent 
fat bloom where fat crystals form on the surface as a white powder.
If desired the chocolate is taken through the enrobing process (coating for e.g. 
nougat). After conching and enrobing (if required), the chocolate is allowed to 
cool usually in moulds if not enrobed. Chocolate must not be cooled too 
quickly as this prevents any latent heat escaping. This latent heat is thought 
to contribute to fat bloom.
1.3.2.3 Cocoa Butter
The main constituent of chocolate is fat, the only continuous phase^^®. This 
phase is responsible for the melting behaviour and dispersion of other 
components in chocolate^^®. Cocoa butter is the fat present and is unique. 
Though replacement fats have been sought^^®’^^ '^ , no other naturally occurring 
fat has been found with the same physical properties as cocoa butter^^®. 
Mixtures and blends are used (e.g. vegetable fat) but in small quantities.
Cocoa butter has a brittle fracture at less than 20 °C and has a relatively 
sharp melting point at around 35 °C, though the fat does soften around 30 to 
32 °C^ ®^ . When liquid, it has a tendency to supercool, which gives chocolate 
the ideal property for enrobing and moulding”"^ ®.
Cocoa butter is composed of a number of glycerides of stearic, palmitic and 
oleic fatty acids. The main glycerides present are 2-oleopalmitio stearin 
(52 to 57 %) and 2-oleodistearin (18 to 22 %). Other minor glycerides present 
are 2-stearodiolein (6 to 12 %), 2-palmitodiolein (7 to 8 %) and 2-oleo 
dipalmitin (4 to 6 %). Table 1.2 shows a summary of these glycerides 
present.
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Tri-satu rated 3 %
Mono-saturated 18 to 2 2 % 2 -oleo-distearln 
52 to 57 % 2-oleo-palmitostearin 
4 to 6  % 2-oieo-dipalmltin
Di-saturated 6  to 1 2  % 2 -stearo-dlolein
7 to 8  % 2-palmito-dioleln
Tri unsaturated ~ 1  % tri-olein
Table 1.2: Glycerides present In cocoa butter^^ '^^^®
Various sterols present include methylsterols, desmethylsterols and 
triterpenes and a variety of fatty acids, which are shown in table 1.3.
Fatty Acids Percentage (%)
Palmitic 24.1-25.8
Stearic 33.3-37.6
Oleic 32.7-36.5
Linoleic 2.6-3.S
Linolenic 0 .1 -0 . 2
Arachidic 1 .0 - 1 . 2
Behenic 0 .1 -0 . 2
Table 1.3: Fatty acids present in cocoa butter. Amount varies with source 123
It has been reported that there are six different crystal types for cocoa 
butter""^ ®. Only one is stable and with slow cooling can be obtained. If 
chocolate is cooled too quickly the other types can form and slowly revert to 
the stable form. It is this process that causes fat bloom (the powdery white 
substance found on the surface of some chocolate bars). The six types are y, 
a+p’, p’, P(V) and p(VI)^^®. p(VI) has the highest melting point at 36 °C and is 
the most stable^^®. Table 1.4 shows the melting points of the other crystal
types126
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Crystal type Melting point (°C)
Y 17
a 23
a+[3’ 26
P’ 27
3(V) 34
P(VI) 36
Table 1.4: Crystal types in chocolate and melting points126
Addition of water to chocolate causes an increase in viscosity and hence 
water is avoided. When the amount of water in chocolate is increased from 
1 to 3 % there is rapid increase in viscosity by 200 When the water is
removed back down to 1 %, the viscosity is still 50 % greater, showing the 
effect to be irreversible. It has been suggested that addition of water 
dissolves the surface molecules of sugar crystals^^^’^^ ®. This results in a 
crystal being coated with syrup, which has adhesive forces. Cocoa solids 
also adsorb water causing the starch present to swell. This process is difficult 
to reverse and goes towards explaining the irreversible effects of water.
1.3.2.4 Current Research
In recent years, apart from in the sensory and health aspects, research in 
chocolate has focused on fat and structure. The structure of chocolate and 
related confectionery has been studied using magnetic resonance imaging 
(MRI) techniques^'"^’^^ . This technique has produced images that distinguish 
between different components in chocolate confectionery (e.g. nuts, nougat 
etc.). Simoneau et also showed MRI to be a technique for measuring fat 
crystallisation. This is of interest due to the problem of fat bloom faced by
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manufacturers. Stapiey et Bricknell and Hartel^®  ^ and Brosio et
have studied crystallisation of fat, cocoa butter and fat bloom.
Replacement fats are always being sought due to the expense of cocoa 
butter. A variety of methods have been used to study and quantify 
replacement fats. Anklam et used several methods to identify cocoa
butter and alternative fats, these include infrared spectroscopy (NIR and 
FTIR), chromatography (GC and FIPLC), differential scanning calorimetry 
(DSC) and to a lesser extent, mass spectrometry (MS) and nuclear magnetic 
resonance (NMR). They showed that no single method alone could be 
utilised, however a combination of techniques could be used to analyse fat. 
Simoneau efa^®® also studied the detection and quantification of cocoa butter 
equivalents (replacement fats) using high resolution GC. Though no fat has 
been found to replace cocoa butter, several in combination have been found 
that can replace some of the cocoa butter in chocolate (e.g. vegetable oil in 
small quantities). Methods for measurement and determination of these fats 
continue to be studied^ ®®'^ ®®.
Again, though a variety of methods and techniques have been used in the 
study of chocolate, there is no evidence of ESR being utilised. In this project 
a nitroxide spin probe has been added to chocolate and varying temperature 
experiments have been carried out.
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1.4 FOOD STABILISERS^^
A number of different gums are used as stabilisers in a variety of food 
systems. Their ability to bind or hold relatively large amounts of water results 
in a smooth texture which is usually desired in foods for example sauces, 
drinks (e.g. milkshakes) and of interest to this project, ice cream.
The primary uses of a stabiliser in ice cream is to (i) produce a smoothness of 
body, (ii) reduce or retard the grovyth of ice crystals during storage,
(iii) produce a uniformity of the ice cream product and (iv) give a resistance to 
melting. These factors can be brought about by the gum’s ability to bind 
water and in doing so reducing the amount of free water that can crystallise, 
in addition, the gum must not disturb the physicochemical equilibrium of the 
mix components. The advantage of these gums is that only a small 
percentage (not more that 0.25 %) needs to be added.
Most gums, according to Klose and Glickman^®^, have been used as ice 
cream stabilisers but due to cost and functionality those in use are alginates, 
carboxymethylcellulose (CMC), guar gum, locust bean gum and in more 
recent years xanthan gum.
1.4.1 Xanthan
Xanthan gum (21) is a high molecular weight extracellular polysaccharide 
produced by fermentation of the Xanthomorias campestris microorganism. 
Figure 1.18 shows the basic structure having a backbone of 1,4- linked p-4- 
glucose, which is identical to cellulose however, at the 3-position of alternate 
glucose monomer units there is a trisaccharide side chain. This chain 
consists of one glucuronic acid and two mannose residues. Approximately
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half of the terminal mannose residues are a pyruvic acid moiety joined by a 
ketal linkage in the 4 and 6 positions.
OH
OH
OH
OH
OH0 -C H
OHOH
IVI^  = Na, K, etc.
O
Figure 1.18: Xanthan gum
It is an ionic gum and small quantities of electrolytes (e.g. NaCI) affect 
viscosity. For optimum uniformity and rheology of xanthan gum solutions 
require the presence of 0.01 % electrolyte^^®. This concentration is present in 
nearly all food systems so it has been stated by Enriquez et that ‘gum 
performance is not influenced by electrolyte variations for practical purposes’. 
The properties of xanthan gum are unusual and include (i) a uniform viscosity 
across a large temperature range (0 to 100 °C), (ii) a high viscosity at low 
temperature, (iii) a high degree of pseudoplasticity, (iv) high thermal stability,
(v) soluble and very stable under acidic and alkaline conditions, (vi) it is 
resistant to common enzymes which is important in food systems and (vii) is 
compatible and stable with most common metal salts. It is non-reactive with 
most gums with one exception being locust bean gum. Xanthan gum has a 
synergistic relationship with locust bean gum, which enhances their
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properties. Individually neither gum tends to form gels however when mixed 
strong elastic gums are formed "^^®.
Xanthan gum is commonly used in dressings, bakery fillings, frozen foods and 
numerous others. It is a polysaccharide used in ice cream though usually in 
combination with guar or locust bean gum because of the synergistic 
relationship.
1.4.2 Guar Gum 139
Guar gum (22) is a plant seed hydrocolloid, which is extracted from 
leguminous (guar) plants, Cyamopsis tetragonalobus and C. psoraloides. It is 
a polysaccharide, which belongs to a group of plant galactomannans, which 
also includes locust bean gum. It has a basic structure (fig. 1.19) of ]3-(1->4)- 
D-mannopyranosyl units as a backbone which is identical to locust bean gum 
but has single membered a-(1->6)-D-galactopyranosyl units as side chains in 
a regular, alternating structure.
CH2OH 
OH I O
I TOH CH2
- 0—1
CH2OH
OH ! O
<51^0
. O H  OH .
N l  1x1
OH OH
— O -
CH2OH
22
OH CH2
OH OH
— O—,
OH OH
CH2OH -  n
Figure 1.19: Guar Gum
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It Is a high molecular weight gum ranging from 2.2 x 10® to 2.63 x 10® daltons. 
It dissolves in dimethylformamide (DMF), dimethylsulphoxide (DMSO) and 
alcohols but more importantly, it dissolves readily in water, which is necessary 
for use in food systems. Due to its non-ionic nature, its viscosity does not 
vary with pH and it is stable with varying temperatures. Guar gum forms a 
highly viscous solution at low concentration (typically <1 %) and resembles a 
gel at higher concentrations (typically >2.5 %). As guar gum is present in 
foods at low concentrations it does not form gels. This is partly due to the 
alternating chemical structure of the backbone causing steric hindrance. A 
gel could form on decreasing temperature as the concentration of the guar 
gum increases in the non-frozen aqueous phase. It is used in many food 
products ranging from dairy, beverages, breads, cakes, canned meat and 
sauces. It is frequently used in combination with other gums due to its 
synergism with carrageenan and xanthan gum.
1.4.3 Current Research
Polysaccharides are used in a variety of ways. They have a biological 
function^^ in plant cell walls, animal fluids and tissues^\ They are also used 
industrially in cosmetics, paper, textiles and of interest to this project, 
foodstuffs^\ Relevant current interest is on the use of xanthan gum and guar 
gum in ice cream.
The use of xanthan gum as a stabiliser was studied by Dickenson^'*\ Luyten 
et and in combination with locust bean gum by Lundin et These 
studies were focused on viscosity. Xanthan gum is a complex molecule and 
its conformation has been studied by Holzworth "^^® and its determination in 
foodstuffs by Quemener et aÛ^  ^using reverse HPLC.
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Research carried out on guar gum in relation to food is primarily concerned 
with its viscosity and the effect on sugar solutions. This is not surprising as 
guar gum is used in ice cream as a stabiliser and sugar solutions are
generally used as a model for ice cream. Elfak et looked at the
viscosity of guar gum with 20 % sucrose and determined that there was no 
evidence of direct sugar-gum interactions and that the behaviour of guar gum 
was unaffected by added sugars. Caldwell et confirmed this by studying 
the influence of a stabiliser on a 20 % sucrose solution and ice cream using 
LT-SEM, DSC and TMA. They showed that the gums do not significantly 
influence the thermal properties in sucrose solutions of ice cream as 
determined by DSC. Their use as stabilisers in reducing the growth of ice 
crystals was shown by LT-SEM. The effect of polysaccharides on the
nucléation of ice was also studied by Muhr et
The use of ESR spectroscopy in the study of gums has focused on spin- 
labelling techniques^®'®®’’’'^ ®"^ ®'^  though not in relation to food systems^’’ . Day et 
af® studied the mechanism of the gelation of kappa-carrageenan (another 
stabiliser used in ice cream) by spin-labelling methods, however this was in 
the general sense with no relation to a food system.
In this project, spin probes have been added to sucrose solutions containing 
either xanthan gum or guar gum. Also the gums have been labelled and low 
temperature studies carried out.
CHAPTER 2
EXPERIMENTAL
4 8
2. EXPERIMENTAL
2.1 SYNTHESIS
All NMR data were recorded on a 270 MHz Jeol GSX-270 or a 300 MHz 
Bruker AC-300 at 298 K using a TMS internal reference except where 
indicated. All samples were placed in 5 mm o.d. NMR tubes.
A Jeol JES-RE1X (X-band) ESR spectrometer was used to carry out ESR 
measurements. Each sample was placed in a borosilicate glass capillary tube 
(1.4 mm o.d., 0.9 mm i.d.) and then placed inside a 5 mm o.d. NMR tube. 
The parameters used were as follows: power 1 mW, field modulation 0.1 mT, 
sweep width 10.24^ mT, time constant 0.03 s and sweep time 20 s. 
Concentration, temperature, frequency and centre field are stated with the 
analytical results. The aN value was determined by use of the ESR fitting 
program, EVWoigtN^®®. The g-value was determined by use of equation [2.1] 
(h = 6.626 X  lO’®"^ Js, |Lip = 9.27402 x 10'^ "^  JT"\ Bo = centre field). A Hewlett 
Packard 53181A frequency counter and a Jeol NMR field meter ES FC5 were 
used to determine the accurate centre field and frequency of the recorded 
spectrum.
hv = gppBo [2.1]
GCMS data were collected on one of two instruments, (i) a Hewlett Packard 
HP5890 GC and HP5970 series MSD and (ii) a Finnigan MAT ITS40. The 
carrier gas was helium at a rate of 1-2 ml per min in splitless/spilt mode and 
the injecting volume was 1 ].l! of a 0.1 % concentration of the sample in DCM. 
The parameters used can be found in appendix A. MS fragmentation patterns
** corrected width
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have been reported by Bartley et a/''®® for TMIO and was used to verify the 
interpretation of the data collected.
IR data were collected using a Perkin Elmer System 2000 FT-IR and a 
Golden Gate ATR attachment (made by Specac).
The combustion analyses were carried out within the Department of 
Chemistry, University of Surrey by Ms N. Walker.
The numbering of the isoindoline derivatives is shown in figure 2.1. R 
corresponds to -H, -CHzPh, or - O ' . Functional groups vary in the 5-position 
where X corresponds to H, nitro, amino, etc.
2NR — CH2‘
9 10
Figure 2.1: Numbering of isoindoline derivatives and benzyl group where
appropriate
Figure 2.2 shows the reaction schemes for the synthesis of the spin probes 
and spin labels used within this study.
Scheme A: Synthesis of TMIO, NTMIO and ATM 10
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NH4CQ0 H
NCHoPh NCHgPh Pd/C, rt
i) Pd/C, [HIH20O4
ii) PbO,Na2W04 ,2H20
10 11
Scheme B: Synthesis of NaTMIOS
ii) NaHCOa
24
NaSNaSO.'3
NH NO-Na,W04.2H20
25
Figure 2.2a: Reaction schemes A-B for synthetic work
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Scheme C: Synthesis of PTMIO
HO NCHgPhO
26
SOCI, Cl
o
28
[RgCuLi]  ►
BuLi/Cul
29
[H] NCH?Ph
NH4C00HNCH2Ph —MeMgl^ NH
31 32
H9O5
Na2W0 4 .2H20
Scheme D: Synthesis of CTMIO
BrgNCHzPh ------ ►anh. AlCU
HO2CI) nBuLi. anh. THF  ►
ii) H2O2
Figure 2.2b: Reaction schemes C-D for synthetic work
Scheme E: Spin labelling of xanthan gum
5 2
H5C2NCNC3H6NH(CH3) 
-COOH + HgNR --------►
21
pH 5-6
o
I I-C-NH-R
R —  1 NO"
19,36
No­
l l , 37
Scheme F: Spin labelling of guar and locust bean gum
O
dimsyl sodium
— OH
SOCI2  ► NO"
O
— O ^ ^ Y ^
-OH hydroxyl group from guar or locust bean gum
Scheme G: Synthesis of 1(/?-pentyl)-2-fe/t-butylbenzene using Li2 Cl4 Cu
40 “I + Mg Mg!
Br
41 tBu
anh. THF  
catalyst
42
Figure 2.2c: Reaction schemes E-G for synthetic work
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2.1.1 Synthesis of W-Benzyl-1,1,3,3-tetramethylisoindolïne (23)79
NCHaPh MeMgl NCHgPh-►
23
The reaction was carried out under anhydrous conditions. MeMgl (16 ml,
48.00 mMol, 3M solution in diethyi ether) was loaded into the reaction vessel. 
A/-Benzylphthaiimide (13) (1.5082 g, 6.36 mMol) was dissolved in dry toluene 
(90 ml) and carefully added via a cannuia to the MeMgl. The ether was 
distilled off and the yellow mixture heated at 110 °C for 4 h before being 
concentrated to leave -30 mi. The reaction mixture was allowed to cool, then 
quenched using light petroleum (30 mi, 40-60) and filtered through Ceiite. 
The filtrate was left open to the atmosphere for 48 h. The purple solution was 
passed through an alumina (basic type I) column (dia. 2 cm, path length 
30 cm) prepared using light petroleum (40-60). The solvent was removed in 
vacuo to give a white solid (23) (0.5552 g, 33 %).
Mw = 265, mp 61-62 °C.
Found: C, 85.88; H, 8.90; N, 5.24 %. C19H23N requires C, 85.99; H, 8.73; 
N, 5.28 %.
1H-NMR (CDCI3; 270 MHz)/ppm: 1.30 (CH3; s; 12H), 3.99 (CHg; s; 2H). 7.13 
(ArH; d; J4.5 = 5.7; J5.7 = 3.0 Hz; 2H, H-5), 7.24 (Ph; m; 5H), 7.47 (ArH; br, d; 
J4.5 = 6.7; H-4).
13C-NMR (CDCis; 67.8 MHz)/ppm: 28.65 (CH3), 46.48 (Ç-CH2). 65.43 
(Ç-CH3). 121.57 (Ar; C-5), 126.65 (Ph), 127.01 (Ph). 128.16 (Ph), 128.57 (Ar; 
C-4), 143.69 (Ar; C-CH2), 148.10 (Ar; C-3a).
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IR(v cm-'): 2969.2 (s); 2960 (s); 2923,9 (m) (CH2, CH3), 2852.5 (m) (N-CH2), 
1381.9 (m) (CH3), 1372.6 (m); 1357.1 (m) (C(CH3)2), 752.0 (s); 743.4 (s);
701.1 (s) (aromatic).
GCMS: one peak at 17.388 min, m/z (abundance): 265 (M"^ ; 1), 250 (-CH3 : 
2.6). 235 (-CH3 : 2). 91 (CHzPh; 100).
2.1,2 Synthesis of 1,1,3,3-Tetramethylisolndoline (24)92
23
NH4 COOH 
Pd/C, rt
The reaction was carried out under anhydrous conditions. 10 % Pd/C (0.4 g, 
catalyst) was placed in the reaction vessel and dry MeOH (40 ml) was added 
slowly. /V-Benzyl-1,1,3,3-tetramethyllsoindoline (23) (0.4288 g, 1.62 mMol) 
was added and N2 blown through the reaction mixture for 15 min. Ammonium 
formate (0.5 g, 7.938 mMol) was added and the reaction mixture heated 
under reflux for 15 min. The cooled mixture was filtered through Ceiite using 
chloroform and the solvent was removed under reduced pressure. A small 
amount of DCM was added to the white residue and the solution filtered to 
remove any insoluble ammonium formate. The solvent was removed in vacuo 
to give a white solid (24) (0.2426 g, 86 %).
Mw = 175, mp 110-111 °C.
1H-NMR (CDCI3 : 270 MHz)/ppm: 1.74 (CH3 : s; 12H), 7.15 (ArH; d; J4.5 = 5.7; 
J5.7 = 2.5 Hz; 2H; H-5), 7.35 (ArH; d; J4.5 = 5.7; J5.7 = 3.0 Hz; 2H; H-4) 
13C-NMR (CDCI3 ; 67.8 MHz)/ppm: 29.92 (CH3), 66.55 (Ç-CH3). 121.65 (Ar; 
C-5), 128.86 (Ar; C-4); 144.45 (Ar; C-3a).
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IR (v cm'''); 3043.2 (m) (NH), 2973.1 (m) (CH3). 1387.0 (m); 1370.5(s) 
(C(CH3)2), 768.9 (s); 757.1 (s) (aromatic),
GCMS: one peak at 7.252 min; m/z (abundance): 175 (M^, 1), 160 (100; 
-CH3), 145 (-CH3; 60), 130 (8 ), 115 (15).
2.1.3 Synthesis of 1,1,3,3-Tetramethylisolndolin-2-yloxyl (TMIO) (1)79
HoO2^ 2.
NagWO^.ZHgO
1,1,3,3-Tetramethylisoindoline (24) (0.2070 g, 1.18 mMol) was dissolved in 
MeOH (20 ml) and MeCN (2 ml). The reaction mixture was treated 
successively with NaHC0 3  (0.268 g, 3.186 mMol), Na2W 0 4 .2 H2 0  (0.04 g, 
0.107 mMol) and 30 % H2O2 (3 ml, 19.34 mMol) then stirred at room 
temperature for 48 h. The yellow solution was diluted with distilled water 
(15 ml) and extracted with petroleum ether (2 x 20 ml, 60-80). The extracts 
were washed with 2M H2SO4 (2 x 20 ml) and brine (2 x 20 ml) then dried over 
MgS0 4 . The solvent was removed in vacuo to yield a yellow solid (1) 
(0.2225 g. >95 %).
Mw= 190, mp 124-125 °G.
Found: 0, 75.69; H, 8.71; N, 7.26. C12H16NO requires 0, 75.75; H, 8.48; 
N, 7.36 %.
1H-NMR (CDCI3; 270 MHz)/ppm: 2 broad peaks at 4.8 to 6.2 and 8.2 to 9.6.
IR (v cm-''): 2975,6 (s); 2927.1 (m); 2863.8 (m) (CH3), 1354.6 (s); 1373.9 (s) 
(C(CH3)2), 1165.1 (s) (NO), 758.8 (s) (aromatic).
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GCMS: one peak at 9.866 min; m/z (abundance): 190 (M^; 36), 175 (30), 160 
(40), 158 (20), 147 (100), 128 (35), 117 (40), 115 (42), 91 (42).
One small peak at 9.029min, 190.
ESR (GHCIs; 1 mM; 25.5 °C; OF = 325.37 ± 0.01 mT; F = 9.1843 GHz): 
aN = 1.4464 ± 0.0001 mT, giso = 2.0039 ± 0.0006.
ESR (water; 1 mM; 25.1 °C; OF = 325.05 ± 0.01 mT; F = 9.1760 GHz): 
aN = 1.5674 ± 0.0001 mT, giso = 2.0032 ± 0.0006.
2.1.4 Synthesis of 5-Nitro-1,1,3,3-tetramethylisoindoiin-2-yloxyI 
(NTMIO) (10)^ ®
NO-
1
HoSO.
NO-HNO.
10
Cone. H2SO4 (1 ml) was added dropwise to TMIO (1) (0.0977 g, 0.51 mMol) 
which was cooled in an ice/water bath. The dark red solution was then 
warmed to 60 °C for 15 min before being cooled to 0  °C. Cone. HNO3 
(0.250 ml, 1.350 mMol) was then added dropwise and the resulting 
green/brown solution was allowed to warm to room temperature before being 
heated on a steam bath for 10 min. Once cool the orange solution was 
neutralised by adding ice cooled aq. 10 % NaOH solution. The reaction 
mixture was extracted with diethyl ether (2 x 10 ml), washed with distilled 
water ( 2 x10  ml) and dried over Na2S0 4 . The solvent was removed in vacuo 
to yield an orange powder. Re-crystallised from EtOH to give orange crystals
(10) (0.0776 g, 64.7 %).
5 7
Mw = 235, mp 157-159 °C.
Found: C, 61.15; H, 6.51; N, 11.75. C12H15N2O3 requires C, 61.26; H, 6.43; 
N, 11.94.
1 H-NMR (CDCI3; 270 MHz)/ppm; 1.26, (CH3 , br; 12H), broad peak at 5.8 to
7.1 and broad double peak at 8.2 to 10.1.
IR (v cm"'): 2978.5 (m) {CH3), 1526.4 (s); 1346.7 (s) (NO2), 1360.5 (m); 
1375.6 (m) (C(CH3)2), 1163.5 (s) (NO), 838.7 (s) (aromatic).
GCMS, two peaks:
15.273 min (radical); m/z (abundance): 235 (M’*’; 30), 220 (17), 205 (23), 190 
(42), 173 (10), 159 (13), 144 (48), 129 (55), 115(50).
17.082 min (amine); m/z (abundance): 220 (70), 205 (60), 175 (-NO2 ; 15), 159 
(100).
ESR (CHCI3 ; 1 mM; 26.2 °C; OF = 325.21 ± 0.01 mT; F = 9.1796 GHz): 
aN = 1.4184 ± 0.0001 mT, giso = 2.0057 ± 0.0018.
2.1.5 Synthesis of 5-Amino-1,1,3,3-tetramethylisoindolin-2- 
yloxyl (ATWIIO) (11)®®’^ "
I) Pd/C, [H]  ►
ii) PbO z
NO- NO-
10 11
NTMIO (10) (0.1 g, 0.43 mMol) was hydrogenated at ambient pressure and 
temperature using a hydrogen balloon in the presence of MeOH (20 ml) and 
10 % Pd/C (0.05 g) for 2 h. The reaction was monitored by TLC. The 
resulting reaction mixture was filtered through Ceiite and the solvent removed 
in vacuo. The yellow residue was dissolved in diethyl ether (20 ml) and stirred 
for 30 min in the presence of lead (IV) oxide (0.2 g). The reaction mixture was 
filtered though Ceiite and the solvent removed in vacuo to yield yellow crystals
(11) (0.0591 g, 67 % yield).
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Mw = 205, mp 193-195 °C.
Found: C, 70.14; H, 8.65; N, 13.54. C12H17N2O requires C, 70.21; H, 8.35; 
N, 13.65.
1 H-NMR (CDCI3 ; 270 MHz)/ppm: 1.44 (CH3; br; 12H), 2 broad peaks at 3.6 to
4.0 and 7.8 to 9.4.
IR (v cm'^): 2971.6 (s) (CH3), 3353.8 (s); 3433.5 (s) (NHg), 1357.3 (m); 1372.9 
(m) (C(CH3)2). 819.9 (s) (aromatic).
GCMS: 14.695 min; m/z (abundance), 205 (M"'; 25), 190 (45), 175 (100), 160 
(100), 145 (32), 130 (40), 115 (27), 91 (27).
ESR (CHCI3 ; 1 mM; 25.2 °C; OF = 325.30 ± 0.01 mT; F = 9.1824 GHz): 
aN = 1.4576 ± 0.0001 mT, giso = 2.0039 ± 0.0006.
2.1.6 Synthesis of Sodium-1,1,3,3-tetramethylIsoindoline-5- 
sulphonate (25)®°
H2SO4.XSO3 NH
24
NH
25
1,1,3,3-Tetramethylisoindoline (24) (0.3636 g, 2.08 mMol) was placed in a 
10 ml RB flask and cooled in an ice/water bath. Oleum (0.26 ml, 5.2 mMol) 
was carefully added slowly. The reaction mixture was allowed to warm to 
room temperature before being heated at 90 °C for 2 h. The resulting dark 
brown solution was allowed to cool before being added to ice water and 
neutralised using sat. NaHCOs. The aqueous solution was extracted with
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diethyl ether (2 x 20 ml) and then saturated with NaCi. The water was 
removed in vacuo to give a solid white residue. Anhydrous EtOH (40 ml) was 
added and the mixture heated under reflux for 1 h. After a hot filtration, to 
remove the insoluble salt, the solvent was removed in vacuo to give a yellow 
solid (25) (0.5143 g, 89%).
Mp decomposes >250 °C.
1 H-NMR (D2O; 270 MHz)/ppm: 1.53 (CH3: s; 12H), 7.43 (ArH; d; Jqj = 7.66 
Hz; 1H; H-7). 7.69 (ArH; d; 1H; H-4), 7.78 (ArH; d; Je,7 = 7.91 Hz; 1H; H-6).
IR (v cm'''): 3289.9 (m) (NH), 2964.4 (m) (CH3), 1362.9 (m) (C(CH3)2), 1113.0 
(s) (sulphate), 836.4 (m) (aromatic).
2.1.7 Synthesis of Sodium-1,1,3,3-tetramethylisoindolin-2- 
yloxyl-5-sulphonate (NaTMIOS) (14)^ ®^
NH
25
NO-N32^^4'2H20
14
Sodium-1,1,3,3-tetramethylisoindoline-5-sulphonate (25) (0.11 g, 0.38 mMol) 
was placed in a 100 ml RB flask. MeOH (5 ml), MeCN (0.2 ml), NaHCOs 
(0.75 g, 0.83 mMol), Na2W0 4 .2H20 (0.01 g, 0.03 mMol) and 30 % H2O2 
(0.4 ml, 3.2 mMol) were added successively and the reaction mixture stirred 
at room temperature for 48 h. The solvent was removed under reduced 
pressure to give a yellow residue. The solid residue was heated under reflux 
with anhydrous EtOH (10 ml) for 1 h. A hot filtration was carried out and the 
solvent removed in vacuo. A yellow hygroscopic solid was obtained (14) 
(0.088 g, 75.9 %).
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1 H-NMR (D2O: 300 MHz)/ppm: DSS internal std. Broad peaks at 1.99 (br; 
CH 3 ; 1 2 H), 6.33, 7.35 and 7.86.
ESR (water; 1 mM; 24.2 °C; CF = 325.44 ± 0.01 mT; F = 9.1799 GHz): 
aN = 1.5638 ± 0.0001 m l, giso = 2.0037 ± 0.0006.
2.1.8 Preparation of 2-Benzylisoindolin-1,3-dione-5-carboxylic 
acid (27)^ ®
HO HOO PhCHgNH;
1,2,4-Benzenetricarboxylic acid anhydride (26) (20 g, 100 mMol) was 
dissolved in glacial AcOH (500 ml). Benzylamine (22 ml, 200 mMol) was 
added dropwise resulting in white fumes. The reaction mixture was refluxed 
for 2 h, cooled and the solvent removed in vacuo. The solid residue obtained 
was dissolved in a hot water/AcOH (1:4 v/v) mixture (100 ml). 3M HOI 
(140 ml) was added slowly over 5 min, forming a white precipitate before the 
reaction mixture was refluxed for 10 min. The cooled suspension was filtered 
and washed with 3M HCI (2 x 80 ml) and distilled water (2 x 80 ml) to yield 
2-benzylisoindolin-1,3-dione-5-carboxylic acid (27) (26.41 g, > 90 %).
Mp 198-200 ^C.
Found: C, 68.29; H, 3.56; N, 4.91. C16H11NO4 requires C, 68.33; H, 3.94; 
N, 4.98.
1 H-NMR (d®-acetone; 270 MHz)/ppm: 4.87 (N-CH2 ; s; 2H), 7.34 (ArH; m; 5H; 
Ph). 8.01 (ArH; d; Je.y = 7.7; Jy,4 = 0.6 Hz; 1H; H-7), 8.39 (ArH; s; 1H; H-4), 
8.47 (ArH; d; Je,7 = 7.7; Je,4 = 1.5 Hz; 1 H; H-6).
6 1
13C-NMR (d®-acetone; 67.8 MHz)/ppm: 42.31 (GHz), 124.31 (Ph; 0-11), 
124.62 (Ph; C-9), 128.53 (Ph; C-10), 128.93 (Ar; 0-7), 129.53 (Ar; 0-4), 
133.56 (Ç-OH2 , 0-8), 136.47 (Ar; 0-6), 136.57 (Ar; 0-7a), 137.01 (Ar; 0-3a), 
137.76 (Ar; 0-5), 166.13 (OOOH), 167.90 (NOG).
IR (v cm’'): 2000-3000 (br; series of peaks; OH and OH), 2822.6 (m) (N-OH2),
1781.9 (m) (0=0; ring), 1681.5 (s) (0=0; OO2H), 1433.7 (m) (OH2), 1299.6 (s) 
(OH), 1105.1 (s) (O-OH), 871.5 (s) (aromatic; 2 ad] H), 719.1 (s); 705.3 (s) 
(aromatic, 5 adj H).
2.1.9 Preparation of 2-Benzylisoindolln-1,3-dlon0-5-carboxyllc 
acid chloride (28)^ ®
HO ClNCH2Ph SOCI^
27 28
NCHzPh
Thionyl chloride (6 ml, 0.084 Mol) was added dropwise to 2-benzylisoindolin-
1,3-dione-5-caroxylic acid (27) (11.795 g, 0.0420 Mol). The reaction mixture 
was refluxed for 2 h. Petroleum ether (80 ml, 60-80) was added to the cool 
dark yellow solution. The white precipitate that formed was filtered and 
washed with petroleum ether (60-80) then white solid was dissolved in hot 
petroleum ether (300 ml). On boiling, oil formed and the solution was 
decanted off. White crystals precipitated out of the cooled solution, which 
were filtered to yield 2-benzylisoindolin-1,3-dione~5-carboxylic acid chloride 
(28) (8.3956 g, 69 %).
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Mp 76-78 °C.
Found: C, 64.07; H, 2.97; N, 4.58. C16H10NO3CI requires C, 64.12; H, 3.36; 
N, 4.67.
1 H-NMR (CDCb, 270 MHz)/ppm: 4.88 (CH2: s; 2H), 7.35 (Ph; m; 5H) 7.99 
(ArH; Je,? = 7.9; 1H; H-7), 8,45 (ArH; Je,? = 7.92; Je,4 = 1.49; 1H; H-6), 8.56 
(ArH; 1H; H-4).
13C-NMR (CDCb; 67.8 MHz)/ppm: 42.36 (CHg), 124.12 (Ph; C-11), 124.08 
(Ph; C-9), 128.36 (Ph; C-10), 128.97 (Ar; C-7), 129.03 (Ar; C-4), 133.02 
(Ç-CH2), 135.91 (Ar; C-5), 136.92 (Ar; C-6), 137.30 (Ar; C-7a), 138.48 (Ar; 
C-3a), 166.52 (NCO; C-1), 166.60 (NCO; C-3), 167.34 (CICO).
IR (v cm-'): 2816.4 (m) (NCHg), 1758.4 (m) (C=0; COCI), 1697.8 (s) (C=0; 
ring), 813.9 (s) (aromatic; 2H adj), 745.4 (s); 692.8 (s) (aromatic; 5H adj),
618.2 (s) (C-CI).
2.1.10 Preparation of 2-Benzyl-5-pentanoylisoindolin-1,3-dione 
(2 8 ^
Cl
28
NCHzPh BuLi/Cul
29
NCHgPh
The reaction was carried out under anhydrous conditions. Oui (2.9105 g, 
15.28 mMol) was loaded into a vessel. Dry diethyl ether (40 ml) was added 
and the reaction mixture was cooled to -40 °C. BuLi (19 ml, 30.4 mMol) was 
added slowly via a syringe and the reaction mixture kept at -40 °C for 5 min 
before being lowered to -78 °C. 2-Benzylisoindolin-1,3-dione-5-carboxylic 
acid chloride (28) (1.5273 g, 5.10 mMol) was dissolved in dry THF (20 ml) and 
lowered to -78 before being added dropwise via a cannula to the reaction
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mixture. After 15 min at -78 °C the reaction mixture was quenched with 
MeOH (1 ml) and allowed to warm to room temperature. Sat. NH4CI solution 
(80 ml) and diethyl ether (80 ml) were added. The organic layer was isolated 
and washed with sat. NH4CI solution (3 x 50 ml), distilled water (2 x 50 ml) 
and brine (1 x 50 ml). The ether layer was dried over MgS0 4 , filtered and the 
ether removed in vacuo to yield 2-benzyl-5-pentanoylisoindolin-1,3-dione (29) 
(1.2973g, 80 %).
Mp 114-115 °C.
Found: C, 71.49; H, 5.01 ; N, 4.38. C20H19NO3 requires C, 74.75; H, 5.96; 
N,4.36.
1 H-NMR (CDCI3 , 300 MHz)/ppm: 0.96 (CH3; t; Jr.h = 7.5; 3H), 1.42 (CHz; sex; 
Jh.h = 7.4; 2 H), 1.74 (CHz: quint; Jh.h = 7.3; 2 H), 3.01 (CH2 ; t; Jh.h = 7.3), 4.83 
(CH.Ph: s; 2H), 7.32 (Ph; m; 3H), 7.43 (Ph; d; 2H), 7.91 (ArH; Je.y = 7.7; 1H; 
H-7), 8.37 (ArH; Je.7 = 7.8; J4 ,e = 1.3; 1H; H-6 ), 8.46 (ArH, 1H, H-4).
13C-NMR (CDCI3 , 67.8 MHz)/ppm: 14.05 (CH3). 22.50 (CHz), 26.26 (CH2),
40.00 (CH2), 42.05 (CH2Ph), 122.89 (Ph; C-1 1 ), 123.55 (Ph; C-9), 128.12 (Ph; 
C-10), 128.66 (Ar; C-7), 132.60 (Ç-CH2 , C-8 ), 135.00 (Ar, C-4); 135.28 (Ar; C- 
7a), 135.61 (Ar; C-6 ), 136.18 (Ar; C-3a), 141.98 (Ar, C-5), 165.33 (CO; C-1), 
167.22 (CO; C-3), 199.75 (RÇO).
IR (v cm-'): 2955.0 (m); 2872.5 (m) (CHs; GHz), 1767.1 (m) (C=0; BuCO-),
1706.1 (s); 1684.9 (s) {C=0; ring), 1432.3 (s) (CH), 1390.7 (s) (CH 3), 867.0 (s) 
(aromatic; 2H adj), 728.8 (s); 692.4 (s) (aromatic; 5H adj).
GCMS: 22.206 min; m/z (abundance): 295 (M"; 50), 277 (25), 208 (25), 104 
(75), 91 (50), 75 (100).
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2.1.11 Preparation of 2-Benzyi-5-pentyIisoindolin-1,3-dione (24)79
29
O
NCH2Ph *-
30
NCH2Ph
The reaction was carried out by contract synthesis (OGT Group, Dr. J. Douse, 
Tunbridge Wells, Kent, UK).
2-Benzyl-5-pentanoylisoindolin-1,3-dione (29) was hydrogenated under 
pressure using 10 % Pd/C catalyst to yield 2-benzyl-5-pentylisoindolin-1,3- 
dione (30).
Mw = 307.
1 H-NMR (CDCI3 , 300 MHz, Varian VXR 300)/ppm: 0.84 (CH3 ; t; 3H), 1.32 
(CH2 ; m; 4H), 1.64 (CHz: quin; 2H), 2.73 (CHg: t; 2H), 4.83 (NCHz: s; 2H), 7.26 
(ArH; m; 3H; Ph), 7.45 (ArH; m; 2H; Ph), 7.50 (ArH; d; 1H; H-6), 7.65 (ArH; s; 
1H; H-4), 7.75 (ArH; d; 1H; H-7).
130-NMR (CDCI3 . 67.8 MHz)/ppm: 13.92 (CH3), 22.44 (CH2), 30.80 (CH2), 
31.27 (CH2). 36.23 (CHz), 41.56 (CH2), 123.29 (Ph), 127.74 (Ph), 128.57 
(C-7), 128.64 (C-4), 129.75 (ÇCH2), 132.57 (C-7a), 134.00 (C-6). 136.56 
(C-3a), 150.34 (C-5), 168.13 (CO), 168.32 (CO).
GCMS, 12.02min, M"" 307.
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The following reactions, 2.1.12 to 2.1.14 were carried out by Dr. L.A. Buggey 
(University of Surrey)®^, as were the analytical data.
2.1.12 Preparation of 2-Benzyl-5-pentyl-1,1,3,3,-tetramethyl-
isoindoiine (31)^ ®
O
NCHzPh MeMgl
31
1 H-NMR (CDCI3, 270 MHz)/ppm: 0.90 (CH3 : 3H). 1.28 (C(CH3): 3H), 1.34 
(CH2 : unresolved; 4M), 1.62 (CH2 ; unresolved; 2H). 2.57 (CH2 ; 2H), 3.97 
(CHgPh; s; 2H), 6.92 (Ar; 1H), 7.04 (Ar; 1H), 7.23 (Ph; m; 5H), 7.45 (ArH; Je.y 
= 6.9; 1H; H-7).
13C-NMR (CDCI3 . 67.8 MHz)/ppm: 14.38 (CH3), 22.86 (CH2). 28.61 (C(CH3)).
31.77 (CH2), 32.03 (CH2), 36.32 (CH2), 46.55 (PhCHz), 65.30 (C(CH3). 121.28 
(Ar; C-6), 121.46 (Ar; C-7), 126.65 (Ph), 127.23 (Ph), 127.17 (Ph). 128.61 (Ar, 
C-4), 141.86 (Ar, C-5), 143.84 (Ar; C-3a).
6 6
2.1.13 Preparation of 5-(/?-pentyl)-1,1,3,3,-tetramethylisoindoline (26)92
NCH2Ph
31
NH4COOH NHPd/C, rt
32
1 H-NMR (CDCI3 , 270 MHz)/ppm: 0.90 (CH3 : t; Jh.h = 6 .6 8 ; 3H), 1.29 (CHz: m; 
4H), 1.44 (C(CH3); 12H). 1.62 (CHz: quint; Jh.h = 7.42; 2 H), 2.61 (GHz; t, Jh.h = 
7.79; 2H). 6.92 (Ar; s; 1H, H-4), 7.01 (Ar; d; = 7.66, H-6 ), 7.06 (Ar; d; Je,7 = 
7.66, H-7).
130-NMR (CDCI3 . 67.8 MHz)/ppm: 14.27 (CH3). 22.77 (C(CH 3)), 31.66 (CHz), 
31.94 (CHz), 32.17 (CHz), 36.17 (CHz), 62.70 (C(CH3), C-1 ), 62.84 (^(CHa), 
C-3), 121.29 (Ar; C-6 ), 121.43 (Ar; C-7), 127.52 (Ar, C-4), 142.17 (Ar, C-5), 
146.36 (Ar; C-7a), 149.11 (Ar; C-3a).
2.1.14 Preparation of 5-(n-Pentyl)-1,1,3,3,-tetramethylisoindolin- 
2-yloxyl (PTMIO) (33)^ ®
NH
32
NO.Na2W0 4 .2 H2 0
33
1 H-NMR (CHCI3 ; 270 MHz)/ppm: 0.89 (CH3 ; br), 1.28 (C(CH3); br), 1.48 (CHz; 
br), 1.62 (CHz; br), 3.21 and 5.30 very broad peaks.
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2.1.15 Preparation of 5-Bromo-1,1,3,3,-tetramethylisoindoline (34)89
NCHzPh anh. AICI3
Br
NH
34
The reaction was carried out under anhydrous conditions. A/-Benzyl-1,1,3,3- 
tetramethylisoindoline (23) (3.3336 g, 0.0126 Mol) was transferred into the 
reaction vessel and flushed with N2 . DCM (20 ml) was added to form a clear 
colourless solution and the reaction mixture was cooled to 0 °C using an 
ice/water bath. Br2 (1 ml) was syringed into ice cold DCM (4 ml). The N2 
outlet was connected to a HCI trap and the bromine solution added to the 
reaction mixture followed by anh. AICI3 (5.0284 g, 0.0377 Mol). The deep red 
solution was stirred at 0 °C for 70 min. The resulting brown solution was 
added to ice via a pipette and the cloudy suspension was stirred rapidly for 
10 min. The reaction mixture was basified using 10M NaOH solution (30 ml) 
and the aqueous layer was extracted with DCM (4 x 20 ml). The combined 
organic extracts were washed with brine (40 ml) and then dried over Na2S0 4 . 
The solvent was removed in vacuo to give a sticky orange residue. The 
orange residue was dissolved in MeOH (40 ml) and NaHCOs (2 g) was added. 
30 % H2O2 (12 ml, 0.1176 Mol) was added slowly followed by 2M H2SO4 
(45 ml) with stirring. The reaction mixture was stirred at room temperature for 
2 min vigorously. The aqueous layer was extracted with DCM (2 x 25 ml) 
then the cloudy aqueous layer was basified with 10M NaOH (20 ml). The 
product was finally extracted from the aqueous layer with DCM (1 x 40 ml, 
2 X 20 ml). The combined organic extracts were washed first with distilled 
water (20 ml) followed by brine (40 ml) then dried over Na2S0 4 . The solvent 
was removed in vacuo to give a pale yellow oil. A short path silica gel column 
(dia. 5 cm, path length 2 cm) was prepared in chloroform. The oil was 
dissolved in a small amount of CHCI3 before being loaded onto the column.
6 8
The starting material was eluted with CHCI3 and then the polarity of the 
solvent was increased to 4 % MeOH in CHCI3 to remove the product. Very 
small fractions were taken as the di-bromo product ran close to the desired 
mono-bromo compound. The solvent was removed in vacuo to give a pale 
yellow crystalline solid (34) (1.2716 g, 40 %).
Mw = 254.5, mp 65-68 °C.
Found: C, 56.56; H, 6.47; N,.5.32. C i2Hi6BrN requires C, 56.71; H, 6.08; 
N, 5.28.
1 H-NMR (CDCI3 ; 270 MHz)/ppm: 1.43 (CH3 ; s; 6 H), 1.44 (CH3 : s; 6 H). 1.84 
(NH; br; 1H), 6.99 (ArH; d; Je.z = 7.92 Hz; 1H; H-7), 7.24 (ArH; d; Je.4 =1.73; 
1H; H-4), 7.35 (ArH; d; Je.7 = 7.91; Je.4 = 1.73 Hz; 1H; H-6 ).
13C-NMR (CDCI3 : 67.8 MHz)/ppm: 31.99 (CH3), 62.88 (C(CH3)2 : C-1 ), 62.93 
(C(CH3)2: C-3). 120.96 (Ar; C-5), 123.34 (Ar; C-6 ), 125.02 (Ar; C-7), 130.38 
(Ar; C-4), 148.06 (Ar; C-7a), 152.88 (Ar; C-3a).
IR (v cm-'); 3333.9 (w) (NH), 2956.8 (s) (CH3), 2919.6 (m); 2862.2 (m) (CH),
1398.8 (s); 1357.7 (s) (C(CH3)2), 823 (s) (aromatic, 2H adj), 519.2 (m) (G-Br). 
GCMS: two GC peaks:
11.404 min (5-bromo); m/z (abundance): 253/255 (M’";1), 238/240 (70/65), 
223/225 (35/30), 159 (15). 142 (23), 128 (10), 115 (37), 102 (20). 15.857 min 
(5,6-dibromo); m/z (abundance): 316/318/320 (50/100/46), 301/303/305 
(20/30/17), 237/239 (5/4), 158 (35), 142 (55), 128 (10), 115(56).
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2.1.16 Preparation of 5-Carboxy-1,1,3,3-tetramethylisoindolin-2- 
yloxyl (CTMIO)
Br.
NH
34
riBuLi, anh. THF NH
Dry ice
>- NO-Na2W0 4 .2 H20
17
The reaction was carried out under anhydrous conditions. 5-Bromo-1,1,3,3- 
tetramethylisoindoline (34) (1.6188 g, 6.37 mMol) was loaded into a 100 ml 
three-necked RB flask. Anhydrous THF (25 ml) was added and the resulting 
solution cooled to -78 °C using a dry ice/acetone bath. "BuLi (8 . 8  ml,
14.02 mMol) was added slowly over 2 min. The reaction mixture was stirred 
at -78  °C for 10 min before being poured onto a slurry of dry ice and 
anhydrous THF (total vol. -150 ml). The resulting slurry was allowed to warm 
to room temperature with stirring. A few ml of water was added and the 
solvents removed in vacuo to give a yellow/white sticky residue (35). 
[1 H-NMR (DMSO; 270 MHz)/ppm: 1.33 (CHsi s; 6 H), 1.35 (CH3 : s; 6 H), 7.05 
(ArH; d; Je.y = 7.67 Hz; 1H; H-7), 7.66 (ArH; s; 1H; H-4), 7.76 (ArH; d; Jg.y = 
7.67 Hz; 1H; H-6 )]. The solid residue was taken up in H2 0 /Me0 H 
( 2 0  ml/17.5 ml) followed by NaHCOs (0.486 g, 5.10 mMol), Na2W 0 4 .H2 0  
(0.1880 g, 0.5699 mMol) and H2O2 (3.4 ml. 33.32 mMol). The yellow 
suspension was stirred at room temperature for 24 h. A further portion of 
H2O2 (0.7 ml, 6 . 8 6  mMol) was added and the reaction mixture stirred for a 
further 24 h. Distilled water (20 ml) was added followed by 2M NaOH (20 ml, 
pH 14) to basify. The aqueous solution was extracted with diethyl ether (3 x 
20 ml) to remove the basic species. The aqueous phase was acidified with
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2M HCI (60 ml) and extracted with diethyl ether (3 x 40 ml). The ether layer 
was washed with brine (2 x 40 ml) and dried over Na2S0 4 . Solvent removed 
in vacuo to give a yellow powder. Recrystallised in MeCN to give a yellow 
crystalline solid (17) (0.422 g, 28 %).
Mw = 234, mp 217-220 °C (decomposes).
Found: C, 66.52; H, 6.98; N, 5.94. C13H16NO3 requires C, 66.65; H, 6.88; 
N, 5.98 %).
1 H-NMR (CDCI3 ; 270 MHz)/ppm: 2 broad peaks at 5.5 to 7.2 and 7.8 to 10.2. 
IR (v cm"’’): 2000-3000 (broad series of peaks; OH), 2982.1 (m) (CH3), 1712.0 
(s) (C=0), 1379.8 (m); 1366.4 (m) (C(CH3)2). 1215.9 (s) (NO).
GCMS: 15.520 min; m/z (abundance): 234 (M"; 100), 219 (5), 202 (30), 188 
(15), 158 (10). 143 (15). 128 (20), 115 (27).
ESR (CHCI3; 1 mM; 25.5 °C; CF = 325.21 ± 0.01 mT; F = 9.1790 GHz): 
aN = 1.4357 ± 0.0001 mT, giso = 2.0038 ± 0.0006.
2.1.17 Synthesis of [4-/7-(2,2,6,6-Tetramethy!plperidine-1-oxyl)] 
Xanthan Amide (36)^ ®°
O
— COOH + H2 N— (  NO
\  HgCgNCNCaHeNHCCHg)
— C~NH—^  NO
\ _ _ _ ^  pH 5-6
21 19 36
EDO (0.1 g, 0.52 mMol) was added to xanthan gum (21) (0.15 g) dissolved in 
distilled water (20 ml). The highly viscous reaction mixture was cooled to 5 °C 
and the pH adjusted to 5 using 2M HCI. ATEMPO (19) (0.0883 g, 0.49 mMol) 
was dissolved in a minimal amount of distilled water and added to the reaction 
mixture, which was stirred for 24 h maintaining a pH of 5-6. The viscous
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mixture was purified by dialysis (tubing provided by Medicell Int Ltd, size 
3500/3, i.d. 28.0 mm) using distilled water for several days. The solution was 
monitored by ESR spectroscopy and changed frequently until no more free 
spin label was present. A white compound (36) (0.0816 g) was obtained by 
freeze-drying under vacuum using liquid N2 .
Mw = V .  high.
Combustion analysis:
For xanthan gum: C; 34.92, H; 5.59, N; 0.00.
For labelled gum: C; 38.34, H; 6.12, N; 1.49.
2.1.18 Synthesis of [5-/7-(1,1,3,3-Tetramethylisoindolin-2-oxyl)] 
Xanthan Amide (37)^ ®°
— COOH +
21
H5C2NCNC3H6NH(CH3)
NO- -------- ►
pH 5-6
0
II— C~NH—
11 37
EDO (0.1011 g, 0.52 mMol) was added to xanthan gum (21) (0.1515 g) 
dissolved in 1:1 EtOH:water (v/v) (20 ml). The highly viscous reaction mixture 
was cooled to 5 °C and the pH adjusted to 5 using 2M HCI, ATMIO (11) 
(0.1063 g, 0.52 mMol) was dissolved in a minimal amount of 1:1 EtOH:water 
and added to the reaction mixture, which was stirred for 12 h maintaining a pH 
of 5-6. The viscous mixture was purified by dialysis (tubing provided by 
Medicell Int Ltd, size 3500/3, id. 28.0 mm) using distilled water for several 
days. This solution was regularly changed until no more spin label was 
detected in samples analysed by ESR spectroscopy. A white compound (37) 
(0.0774 g) was obtained by freeze-drying under vacuum using liquid N2 .
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2.1.19. Synthesis of 1,1,3,3-Tetramethylisoindolin-2-yloxyl-5- 
carboxylic Acid Chloride (24)^ ®®
O O
SOCIHO ■>» NO-NO- anh. pyridine 
anh. toluene
3817
The reaction was carried out under anhydrous conditions. CTMIO (17) 
(0.2015 g, 0.861 mMol) was loaded into a 50 ml two necked RB flask. Anh. 
toluene (10 ml) was added. The suspension was stirred as anh. pyridine 
(0.09 ml, 1.113 mMol) was slowly dripped in. The yellow solution was cooled 
in an ice/water bath before thionyl chloride (0.08 ml, 1.097 mMol) was added 
slowly. The reaction mixture was stirred at room temperature for 1 h then the 
precipitate was filtered off and washed with anh. toluene. The solvent was 
removed from the filtrate in vacuo to yield a pale yellow solid (38)(0.1804 g, 
83 %). The sample was stored under vacuum in a desiccator as it can 
decompose on long exposure to air.
Found: C, 60.44; H, 6.07; N, 5.77. C13H15NO2CI requires 0, 61.78; H, 5.94; 
N, 5.54 %.
1 H-NMR (CDGI3, 270 MHz)/ppm: 2.36 (GH3; br), broad peaks at 6-7, 7.20, 
7.99, 8.5-10.0.
A small quantity was reacted with EtOH to form the ester.
Found: G, 64.20; H, 7.25; N, 5.32. G15H20NO3 requires G, 6 8 .6 8 ; H, 7.68; 
N, 5.34 %
1H -NMR (GDGI3 ; 270 MHz)/ppm: 1.84 (GH3; br; 12H), broad peaks at 7.96, 
8.43 and 8.91.
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2.1.20 Synthesis of [5-Carboxyl-1,1,3,3-tetramethyllsoindolln-2- 
yloxyl] Guar Gum Ester (39)’“ ’^ ®°
O
CHsSOCHg'Na^
— O’Na^(DMSO/NaH) 
22 anh. DMSO
— O
m o ­
n o .
38
The reaction was carried out under anhydrous conditions. The methyl 
sulphinyl anion (dimsyl sodium) was prepared in the following way.
NaH (1.5 g, 0.0344 Mol) was placed in a dry 250 ml three necked RB flask. 
Petroleum ether (30 ml, 60-80) was added with stirring. The resulting slurry 
was allowed to settle and the petrol decanted off into IRA (to destroy any 
NaH). This process was repeated three times with petroleum ether 
(3 X  30 ml, 60-80). The assembled apparatus was then evacuated to remove 
excess petroleum ether and refilled with N2 (repeated x 3). To the clean and 
dried NaH, anhydrous DMSO (30 ml) was added. The resulting mixture was 
heated at 50 °C until the solution was green and clear (-50 min). Once cool, 
1 ml aliquots were dissolved in water (10 ml) and titrated against a 
standardised aqueous solution of 0.1 M HCI using bromocresol purple as an 
indicator.
Guar gum (22) (0.5 g) was heated at 50 °C for 4 h before being cooled in a 
vacuum desiccator. The gum was placed in a 100 ml two necked RB flask. 
N2 gas was passed through. Anh. DMSO (30 ml) was added followed by 
dimsyl sodium (0.35 mMol) in DMSO and the reaction mixture was stirred at 
room temperature for 1 h. The spin label (38) (0.1412 g, mMol) was 
dissolved in anh. toluene (5 ml), added to the reaction mixture and stirred at 
room temperature for a further 20 min. The reaction mixture was extensively 
dialysed against water for at least 48 h. To remove any traces of adsorbed
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spin label the reaction mixture was dialysed against 30 % ethanol for 8 h then 
with distilled water at 55 °C for 24 h. The product was freeze-dried to yield a 
white transparent solid (39) (0.1201 g).
Mw = V .  high 
Combustion analysis:
For xanthan gum: 0; 39.22, H; 6.39, N; 0.00.
For labelled gum: 0; 37.82, H; 6.47, N; 0.00.
2.1.21 Grignard Coupling of 1-lodopentane to 4-ferf-Butyl- 
benzene using Lithium Tetrachlorocuprate (42)^ ®^ ’^ ®^
RMgl ^  ^
►4P
Br
tBu
41
anh. THF
U2CI4CU
42
The reaction was carried out under anhydrous conditions. The Grignard 
reagent was prepared by slowly adding 1-iodopentane (40) (2 ml, 
15.32 mMol) in anh. diethyl ether (10 ml) to magnesium turnings (0.3764 g, 
15.48 mMol) in anh. diethyl ether (30 ml). A crystal of iodine was added to 
initiate the reaction. With a little heat, the reaction started a steady reflux and 
the heat source was removed. Once refluxing had stopped the reaction 
mixture was allowed to cool to room temperature. The Grignard reagent was 
added slowiy to 1 -bromo-4-fe/ï-butylbenzene (41) (1.4 mi, 8.07 mMoi) in anh. 
THF (30 ml) at -78 °G. LizC^Cu (0.8 ml, 0.080 mMol) was added slowly and 
the reaction mixture allowed to warm to room temperature. The reaction 
mixture was stirred at room temperature under N2 for 48 h then quenched with 
10 % HCI (30 ml). The mixture was extracted with diethyl ether (3 x 20 ml). 
The combined extracts were washed with distilied water (4 x 20 ml) and brine
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(4 X 20 ml) then dried over Na2S0 4 . The solvent was removed in vacuo to 
yield a green oil (42) (0.9634 g).
2.1.22 Grignard Coupling of 1-lodopentane to 4-feit-Butyl- 
benzene using Dichloro[1,1-bis(diphenylphosphino) 
ferrocene] Palladium (II) (42)^
Br. RMgl
 ►
anh. THF 
PdCl2(dppf)
41 42
The reaction was carried out under anhydrous conditions. The Grignard 
reagent was prepared by siowly adding 1-iodopentane (40) (1.5 ml,
11.53 mMol) in anh. diethyl ether (5 ml) to magnesium turnings (0.2885 g,
11.53 mMol) in anh. diethyl ether (5 ml). A crystal of iodine was added to 
initiate the reaction. The reaction mixture was stirred at room temperature 
until no further reaction was visible. The mixture was refluxed for 15 min and 
ailowed to cool to room temperature. 1 -bromo-4-W-butylbenzene (41) (1 ml,
5.77 mMol) in anh. diethyl ether (5 ml) was added to PdCl2 (dppf) (0.0410 g, 
0.0577 mMol) and cooled to -78 °C. The Grignard reagent was added and 
the reaction mixture allowed to warm to room temperature. The reaction 
mixture was stirred under N2 at room temperature for 48 h then quenched with 
10 % HCI (10 ml) before being extracted with diethyl ether ( 3 x 1 0  ml). The 
combined ether extractions were washed with sat. NaHCOs ( 2 x 1 0  ml) then 
distilled water ( 1 x 1 0  ml) before being dried over Na2S0 4 . The solvent was 
removed in vacuo to yield an orange oil (42) (0.9407 g).
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2.2. ESR
2.2.1. Preparation of Ice Cream
There are many formulations and methods available for making ice cream^^. 
In order for spin probes to be incorporated, the ice cream had to be made 
instead of using available commercial ice creams. Addition of the spin probes 
to any commercial ice cream would have resulted in a loss of structure due to 
melting (air loss) and agitation. The aim was to evaluate ESR as a technique 
for studying multi-phase food systems therefore, only a basic mix was 
required. The ice cream mix used composed of fresh double cream 
(providing milkfat and water), full fat milk (providing MSNF, milkfat and water) 
and icing sugar (providing sucrose). This was a composition found for 
homemade ice cream^®' ,^ which has increased in iater years due to the 
increased availabiiity of domestic ice cream makers. This composition was 
chosen for simplicity. The amount prepared was partially determined by the 
ice cream mixer used because though small quantities were desired the 
minimum the mixer could take was around 160 ml. A Magimix, Le Glacier Ice 
Cream maker 1.1 was used for the initial freezing and the incorporation of air 
into the ice cream mix. Following the manufacturer’s instructions, the bowl 
was placed in a freezer at -18 °C for 24 h before use. The cream (142 ml) 
was placed in a glass beaker with a stirring bar and milk (15 ml) was added. 
Icing sugar (22.5 g) was added slowly a spoonful at a time. The mix was 
stirred carefully to ensure proper mixing but not to incorporate any air 
(whipping). The ice cream mix was chilled in a fridge (~5 °C) for 1 h (ageing 
process) prior to churning then the mix was churned for 10 min to incorporate 
air and to partially freeze. Timing was criticai as if the mix was churned for 
too long the ice cream became too frozen and difficult to transfer to 
containers. The frozen ice cream was then transferred to cooied plastic tubs 
and stored in a freezer at -18 °C (hardening and storing).
The three spin probes used in these studies were incorporated into the ice 
cream mix in slightly different ways due to their different solubilities. TMIO
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was dissolved in a small amount of milk and cream then washed into the bulk 
with the remaining milk. NaTMlOS was added by dissolving in a small 
amount of milk and PTMIO was dissolved in a small quantity of the cream 
before being added to the mix. The quantities used are shown in table 2.1.
Probe Qty (g)
TMIO 0,0298
NaTMlOS 0.0485
PTMIO 0.0408
Table 2.1; Quantity of spin probes added to mix
The quantity of spin probe added to 157 ml of ice cream mix gave a 
concentration of -1 mM assuming the probe dissolved in all phases. This 
however is not the case as NaTMlOS dissolves in aqueous media, TMIO and 
PTMIO in the lipid phase. The concentrations calculated are for NaTMlOS, 
-1.6 mM (assuming the ice cream has a 65 % aqueous phase), for TMIO and 
PTMIO, -8.3 mM (assuming a 12 % lipid phase). The rest of the ice cream 
mix is composed of solids, which includes sugar.
The double cream^ used consisted of 48 g fat, 1.7 g protein and 2.6 g 
carbohydrate per 100 ml. The icing suga^ consisted of sugar and an anti 
caking agent, aluminium sodium silicate (E554)''®®.
from Tesco 
Tate & Lyle
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2.2.2. ESR Spectra
All spin probe and label experiments were carried out on a Jeol LES-RE1X 
(X-band) ESR spectrometer fitted with an ES-DVT2 digital variable 
temperature unit. Low temperature experiments were controlled using liquid 
Nz and high temperature using an air compressor. The spectrometer was 
interfaced with a 486 PC to enable the use of the EW software^®® for recording 
spectra.
All ESR samples were drawn into a borosilicate thin-walled glass capillary 
tube (0.8 mm i.d.), which was then placed inside a NMR tube (5 mm o.d.) 
ready to be transferred to the cavity of the ESR spectrometer. The VT unit 
was set at the required temperature and left for 10 min to equilibrate. Once 
the sample was in the cavity a further 20 min was left to allow the sample to 
equilibrate before the first run. Between each change in temperature, a 
period of 20 min was left to allow the cavity temperature to settle down. The 
parameters used were as follows: power 1 mW. field modulation 0.1 mT, 
sweep time 20 s, frequency 9.170-80 GHz, time constant 0.01/0.03 s, sweep 
width 10.24^^  mT except for TMIO in ice cream where the width used was 
15.34^ mT. The receiver gain and number of scans varied on each 
experiment. The actual ESR parameters used for each experiment can be 
found in appendix B.
Samples of ice cream were centrifuged for 2 hours at 2000 rpm in which time 
each sample separated into two distinct layers.
 ^corrected width
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2.2.2.1 Ice Cream
ESR samples of Ice cream were prepared once the temperature of the cavity 
in the spectrometer had reached the required initial setting. Each sample of 
ice cream was pushed into the capillary by carefully pushing the tube into the 
solid sample. The sample was then immediately placed in the cavity. Table
2.2 shows a brief summary of each experiment.
Spin Probe Temp, range (°C) Experiment
NaTMlOS 25.1 Centrifuged sample
NaTMlOS 24.9 to -19.2 Low temperature in 5 °C increments
NaTMlOS 25.0 to -24.7 to 25.0 Freeze/thaw in 10 °C increments
TMIO 24.2 Centrifuged sample
TMIO -13.6 to -160.0 Low temperature initially in 1 °C 
increments
TMIO 24.9 to -74.9 Low temperature in 10°C increments
TMIO 25.1 to -24.6 to -25.5 Freeze/thaw in 10 °C increments
PTMIO 25.1 Centrifuged sample
PTMIO 24.9 to -44.1 Low temperature in 10 °C increments
TMIO/
NaTMlOS (1:1)
25.0 to -29.5 Low temperature in 5 °C containing both 
probes
Table 2.2: Summary of experiments for spin probes In Ice cream
2.22.2 Chocolate
TMIO (0.0001 g) was added to 5 ml of melted plain chocolate^ (60 °C) to give 
a concentration of 1 mM. At this temperature all fat crystals will have 
melted^^^. The sample was drawn up into the capillary whilst molten then 
allowed to cool to room temperature slowly. The sample was then placed in 
the cavity of the ESR spectrometer. Table 2.3 shows a brief summary of each 
experiment.
° Sainsbury luxury Belgian plain dark cooking chocolate, 33.3 g fat per 100 g chocolate and 
minimum of 51 % cocoa solids.
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Spin
Probe
Probe 
conc. (mM)
Temp, range (°C) Experiment
TMIO - 1 . 0 25.2 to 104.9 to 25.2 High temperature in 10 °C increments
TMIO - 1 . 0 24.9 to -84.9 Low temperature in 10 °C increments
Table 2.3: Summary of experiments for spin probes in chocolate
2.2.2.3 Spin-Labelled Polysaccharides
For each spin labelled polysaccharide the concentration was evaluated using 
known concentrations of the spin probe used. For ESR, 0.0216 g of labelled 
xanthan gum (LXG) was added to 10 ml of distilled water. This gave a radical 
concentration of ca. 0.14 mM. 0.0211 g of labelled guar gum (LGG) was 
added to 10 ml of distilled water giving a radical concentration of ca. 0.10 mM. 
For comparison, solutions of ATEMPO and NaTMlOS containing 0.0216 g of 
xanthan gum (XG) and 0.0211 g of guar gum (GG) respectively were made 
up. Table 2.4 shows a brief summary of each experiment.
Spin
Probe
Probe 
conc. (mM)
Temp, range (°C) Experiment
LXG -0.14 24.9 to -24.7 Low temperature in 5 °C increments
ATEMPO 
with XG
- 0 . 1 0 20.0 to -24.7 Low temperature in 5 °C increments
ATEMPO 
in water
- 0 . 1 0 20.0 to -19.7 Low temperature in 5 °C Increments
LGG - 0 . 1 0 24.9 to -29.7 Low temperature in 5 °C increments
NaTMlOS 
with GG
- 0 . 1 0 25.0 to -23.9 Low temperature in 5 °C increments
Table 2.4: Summary of experiments for spin iabelied polysaccharides
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2.2.2.4 Sucrose Solutions and Polysaccharides
Aqueous solutions were made up containing 25 % m/v sucrose, 0.1 or 1 mM 
NaTMlOS and 0.0 to 0.5 % of the polysaccharide. To ensure complete 
solubility and mixing the solutions were left for several days with frequent 
agitation. Each sample was drawn up into a capillary at room temperature 
then transferred via a NMR tube to the ESR cavity set at the desired initial 
temperature. Table 2.5 shows a brief summary of each experiment.
Gum 
conc. (%)
Probe 
conc. (mM)
Temp, range (°C) Experiment
0 1.0 24.9 to -24.0 Low temperature in 5 °C ncrements
2 0.1 1.0 24.9 to -24.1 Low temperature in 5 °C ncrements
3
D ) 0.2 1.0 24.9 to -24.8 Low temperature in 5 °C ncrements
C 0.3 1.0 24.9 to -24.8 Low temperature in 5 °C ncrementsSc 0.4 1.0 24.9 to -24.0 Low temperature in 5 °C ncrements
X 0.5 1.0 24.9 to -24.0 Low temperature in 5 °C ncrements
0.1 0.1 24.9 to -24.7 Low temperature in 5 °C ncrements
F 0.2 0.1 25.0 to -29.6 Low temperature in 5 °C ncrements
3
03 0.3 0.1 24.9 to -29.6 Low temperature in 5 °C ncrements
0.4 0.1 24.9 to -24.7 Low temperature in 5 °C ncrements
o 0.5 0.1 24.9 to -29.8 Low temperature in 5 °C ncrements
Table 2.5: Summary of experiments for polysaccharides in 25 % m/v sucrose
solutions containing NaTMlOS
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2.3 DIFFUSION EXPERIMENTS
The diffusion of a compound into another is of interest in furthering the 
understanding of food systems, especially where different food layers are in 
contact (i.e. chocolate-coated ice cream).
2.3.1 Methodology
A simple method for measuring translational diffusion constants of TMIO and 
its derivatives has been devised by Gillies, Sutcliffe and co-workers^^’ ®^®'^ ®^. 
Initially they studied the diffusion of 1,1,3,3-tetrakis(trideuteriomethyl)- 
isoindolin-2-yoxyl (TMIOD) into 2 % agarose gels^® .^ This entailed a thin- 
walled capillary (1.3 mm i.d.) being filled with the gel and 3 pi of the probe 
solution resting on top. This capillary was then placed in an ESR sample tube 
(4 mm o.d ). The height of the ESR line was monitored along the length of the 
sample, which was achieved by pushing the tube through the resonant cavity 
using a calibrated screw. It was shown that this movement did not disturb the 
cavity tuning. It was developed further by following the movement of TMIOD 
and NaTMlOS into aqueous gelatin gels®^ '^ ®^  utilising a method for creating a 
narrower sampling function of the resonant cavity thus reducing the time scale 
of the experiment. This was achieved by wrapping a NMR tube with copper 
foil leaving a central 4 mm gap.
During the course of this project with the assistance of D.G. Gillies, R. Lane 
and B. Smethurst, the method was developed further and applied to a food 
system. Replacing the cavity screw, the sample tube was attached via a 
holder to a linear drive stepper motor. Connected to the motor drive was a 
counter, which enabled the sample to be moved through the cavity in discrete 
steps. One full step moved the sample tube 0.05 mm through the cavity. As 
in previous methods, the sample was placed in a thin-walled capillary 
(0.8 mm i.d.) which was placed in an ESR sample tube (4 mm o.d.). The
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solution containing the spin probe was placed directly on top of the sample. 
To ensure that the centre of the sample would be positioned in the centre of 
the cavity a disposable glass pipette end was adjusted to hold the capillary in 
the ESR tube at the calculated height. This was achieved by using a 
previously marked sample (a small single crystal of lithium phthalocyanine) 
that had been measured. The ESR tube was moved through an open ended 
NMR tube wrapped in copper foil containing a central 4 mm window. Two 
diagrams showing a representation of the capillary in the ESR sample tube 
and this tube in the cavity are presented in figure 2.3.
ESR 
sample 
tube -
NMR tube with 
copper foil window
sample tube holder 
connected to stepper 
motor linear drive
4 mm T
window V copper—  foil
.jcavlty
chocolate
pipette end
(a)
\J
(b)
capillary
'tube
oil
ESR sample 
tube
Figure 2.3; A representation of (a) the ESR sample tube In the cavity and (b) the 
capillary placed within the sample tube.
2.3.2 Sample Preparation
The sample initially chosen as a model was vegetable oil diffusing into 
chocolate as chocolate has a continuous fat phase. As for spin probe studies, 
a borosilicate thin-walled glass capillary tube (0.8 mm i.d.) was used to hold 
the sample.
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In the probe studies of chocolate, any shrinkage from the side of the capillary 
tube was not important, as the spectrum was an average over the whole 
sample. In diffusion experiments, any shrinkage can have detrimental effects 
on any results obtained. If the vegetable oil diffuses through the chocolate, 
any air bubbles caused by shrinkage will enable the oil to run down the sides 
filling in the gaps. The spectra obtained would not reflect the diffusion of oil 
into chocolate (fig. 2.4 a).
shrinkage
capillary tube
air bubbles
oco ate
vegetable oil
Figure 2.4; Problems arising from capillary sample preparation
The aim is to get a sample with no shrinkage and a method was devised to 
accomplish this aim. Any warm air bubbles cooling down possibly cause 
shrinkage. This would cause the chocolate to shrink from the walls of the 
capillary so degassing the sample whilst molten may remove this process. 
Degassing molten chocolate may remove some volatile aromas responsible 
for the flavour but should not affect the general structure of chocolate.
Shavings of chocolate were transferred to a small test tube with a quick fit rim. 
The chocolate was then melted to -65 °C to ensure that all of the fat crystal 
structures were destroyed. This was accomplished by placing the sample
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tube into hot water (-70 °C), which was maintained. The chocolate was 
degassed until no more air appeared to be bubbling off.
The degassed molten chocolate was drawn up into a capillary tube and 
allowed to cool slowly at room temperature. Several samples were prepared 
and generally 3 in 5 samples showed no signs of shrinkage when studied with 
a magnifying glass.
TMIO was dissolved easily in vegetable oil to give a concentration of 1 mM. 
This was following the sample preparation of the NaTMlOS solution used by 
Gillies et aP  for the diffusion into gelatin gels.
20 pi of vegetable oil with TMIO was syringed on top of the chocolate in the 
capillary tube. Care was taken as due to the narrow nature of the tube, air 
bubbles formed readily which could cause problems when running the 
experiment (fig. 2.4b). The most common error was air trapped at the 
interface of chocolate and oil. To avoid this the capillary tube was held at an 
angle with gentle tapping to aid the oil in running down the sides of the 
capillary tube and sitting on top of the chocolate.
CHAPTER 3
RESULTS AND DISCUSSION
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3 RESULTS AND DISCUSSION
3.1 TREATMENT OF DATA
The spectrum obtained of a nitroxide radical can yield useful information 
about the food system under study. Using a variety of computer programs the 
spectrum can easily be manipulated (i.e. scaled, selected expansion etc.) and 
hard copies printed.
The nitrogen hyperfine coupling constant (an), Lorentzian (Wl) and Gaussian 
linewidths (Wg) can be obtained from the spectrum. This information is 
obtained using a line shape simulation and fitting software for ESR continuous 
wave spectra^ entitled EWVoigtN^®®. From the W l values, two rotational 
correlation times (xc) can be calculated, xc (B ) and xc (C). Comparing these 
two rotational times gives an indication as to whether the probe is undergoing 
isotropic or anisotropic motion. When X c(B )/xc(C ) is close to unity (-0.95) the 
probe is assumed to be undergoing isotropic motion. If this is true then Xc(B) 
is generally taken as the rotational correlation time as both the anisotropic g 
and hyperfine interactions are averaged by molecular rotation. Xc(C) only 
averages the anisotropic hyperfine interactions®®'®^
Equations [3.1] and [3.2] were used for TMIO type radicals and equations 
[3.3] and [3.4] for TEMPO radicals'^.
■Cc (B) = 5.75 (±0.3)[(Wl(.i ) -  W l(..i ))/Bo] x10 ?s [3.1 ]
Xc (C) = 1,72 {±0.7)[Wl(+d + W l(-i ) -  2Wu(o)] x IO ^ s  [3.2]
Tc (B) = 8.81 [(W l(-i ) — W l{+ij)/B o] x IO^s [3.3]
Xc (C) = 2.92 [W l(+d + W l(-i , -  2 W l(0)] x 10'®s [3.4]
 ^Discussed in appendix C 
Discussed in appendix D
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Activation enthalpies for the rotational motion of the probe can be calculated 
from plots of In Xc vs. 1/T (equation [3.5]). The Arrhenius equation, 
k = is used to derived [3.5] in the following way.
In k=  In A-(AH*/R)(1/T)
by substituting k = Xc'^  into the above equation you get:
-In xc = ln A-(AH*/R)(1/T)
In X c = l n A  + (AH*/R)(1/T) [3.5]
These plots were derived using Microcal Origin v.6^ ®® where statistical data 
were obtained for the line of best fit. Activation enthalpies, AH* were 
calculated from the gradient as was a value of the extrapolated xc for 298 K. 
AH* is associated with the microviscosity of the solvent. xc(29S) is derived to 
give an indication of how the spin probe is behaving at room temperature.
When the probe has slow rotational motion it is no longer possible to analyse 
the spectra using EWVoigtN. The solid-state spectra can be analysed by a 
method used by Goldman et a/^ ®®. They estimated slow motional rotational 
times for nitroxides by comparing the separation of the outer lines ( 2 A z ')  with 
the separation of the rigid limit ( 2 A z ) .
The parameter used for describing the solid-state spectra is S = Az'/Az. The 
rotational correlation time x r  can be determined using equation [3.6].
XR = a(1-S)'’ [3,6]
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Parameters a and b were determined by Goldman et a/^ ®® for different models 
(table 3.1).
Model Lorentzian 
linewidth (G)
a (s) b
Brownian Diffusion 0.3 2.57 X 10' '^’ -1.78
Brownian Diffusion 3 7.54x10-10 -1.36
Moderate Jump Diffusion 0.3 6.99 X 10-10 - 1 . 2 0
Moderate Jump Diffusion 3 l. lO x  1 0 "io - 1 . 0 1
Strong Jump Diffusion 0.3 2.46x10-0 -0.589
Strong Jump Diffusion 3 2.55 X 10-0 -0.615
Table 3.1: Parameters used in estimation of tr In [3.6]
Where tr <7 x 10'^ s, S becomes undefinable because the outer lines begin to 
converge. As the spectrum approaches the rigid limit, 1-S is close to unity 
and is comparable to experimental uncertainties.
Tr is only an estimation but can allow the analysis of solid-state spectra and 
give an indication of how the probe is behaving. The Brownian diffusion 
model was used in this study and the parameters used for both peak-peak 
first derivative linewidths of 0.3 and 3 G.
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3.2 RESULTS
3.2.1 Spin Probes
3.2.1.1 Ice Cream
(i) NaTMlOS
The aqueous phase (serum) of ice cream makes up approximately 65 % of 
the total mass/volume^®. The actual percentage varies according to the 
mixture used. Within this phase sugars and mineral salts are dissolved.
NaTMlOS is soluble only in aqueous media, and therefore reports on the 
serum phase within the ice cream sample. This was proven by separating out 
the two phases by centrifuge and running a spectrum from each. Two distinct 
phases were obtained, the milky serum (aqueous) and the deep yellow lipid 
phase. The NaTMlOS probe was found to be in the serum phase only 
( t c ( B )  = 33.4 ± 0.9 ps, aN = 1.5523 ± 0.0003 mT, 25.1 °C). Figure 3.1a shows 
a selection of spectra obtained as the temperature was lowered in 5 °C 
intervals. Within the serum phase there is a clear point where the radical 
goes from being relatively mobile (rapid rotational motion) to relatively 
immobile (slower spin probe rotations). This was determined by collecting a 
series of spectra starting from -15 °C and lowering the temperature in 1 °C 
increments. The spectrum changed in appearance suddenly over a 1 °C 
change in temperature at -18 °C showing the radical going from having 
relatively fast rotational motion to very slow. Figure 3.1b shows the expanded 
spectrum of the relatively immobile radical in figure 3.1a.
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a) At 24.9, 0.1 and -19.2 °C
24.9 °C
J_J 0.1 X
- 19 . 2  X
318 319 320 321 322 323 324 325 326 327 328 329 330 331
Field Strength (m T)
b) A t -19.2 X  (expanded)
318 319 320 321 322 323 324 325 326 327 328 329 330 331
Field S trength  ( m l )
Figure 3.1 : Selection of spectra for NaTMlOS in ice cream
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Rotational correlation times (xc) were calculated as described in section 3.1. 
Ln Tc was plotted against the reciprocal of temperature and from this plot, 
activation enthalpies (AH*) were derived. Table 3.2 shows the Lorentzian and
Gaussian linewidths obtained from EWVoigtN^®®. The probe is behaving 
isotropically as shown by the near parallel data of the B and C best-fit lines in 
figure 3.2.
- 22.2 -
-22.4 -
-22 .6 -
- 22.8 -
-23.0 -
-23.2 -
“  -23.4-
-23.6 -
 x^(B),R= 0.9939
In = 3269.14 (±57.59)(1/T) - %.19 (±0.21)
 T^(C), R = 0.9967
In = 3535.19 (±109.43)(1/T) -  36.01 (±0.39)
-23.8 -
-24.2-
0.0033 0.0034 0.0035 0.0036 0.0037 0.0038 0.0039
1/T(K)
Figure 3.2: Ln Tc plot for NaTMlOS In Ice cream (24.9 to -14.7 °C)
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Table 3.3 shows the derived parameters from the plot for the sulphonate 
probe in ice cream using equations [3.1] and [3.2] (pg. 87). Spectra of 
NaTMlOS in water were also recorded for comparison.
Media tc(B)298
(ps)
'rc(C)298
(ps)
AH* (B) 
(kJ mol )^
AH* (C) 
(kJ mol )^
Sn
(mT)
T:c(B)/
Tc(C)
Water 10.1 ±1.5 7.6 ±0.6 17.5 ±2.5 22.9 ± 1.8 1.5597 ±0.0003 1.33
Ice cream 32.4 ± 0.6 32.4 ± 1.1 27.3 ±0.5 29.4 ±0.9 1.5575 ±0.0003 1 . 0 0
‘Averaged over temperature range (see table 3.2 for data)
Table 3.3: Rotational correlation times and activation enthalpies for NaTMlOS
A series of spectra was obtained with decreasing temperature from -24.6 °C 
to -104.9 °C. The temperature was lowered in 10 °C steps and there were no 
significant changes in the spectra. These spectra could not be analysed by 
EWVoigtN, therefore a method used by Goldman et followed as
described in section 3.1. Parameter S was derived for each spectrum and 
figure 3.3 shows a graph of S vs. T.
CO
1.10  - | 
1.08 -  
1.06 
1.04 -  
1.02 -  
1.0 0 -  
0.98 -  
0 .9 6 -  
0.94 
0.92 -  
0.90
-20 -40 -80
T(°C)
-80 -100
Figure 3.3: S vs. T for NaTMlOS in ice cream (-24.6 °C to -104.9 °C)
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As S was equal to 1 for each spectrum, the rigid limit had been reached.
As ice cream is frozen then thawed, physical changes take place within the 
phases and these may be reversible or irreversible. If irreversible, hysteresis 
would be observed. A sample of ice cream containing NaTMlOS was frozen 
and then the temperature was increased again in order to observe if there 
were any permanent changes. The spectra obtained were similar to that 
obtained from the previous experiment (pg. 91). Table 3.4 presents the 
linewidth data obtained from EWVoigtN for the spectra recorded on 
decreasing then increasing the temperature.
From the plots, Xc (298) and AH* were calculated for increasing and decreasing 
temperature and these results are presented in table 3.5. NaTMlOS behaves 
isotropically in ice cream so Xc(B) was taken as the correlation time. Figure 
3.4 shows the plot of In xc(B) vs. 1/T with decreasing then increasing 
temperature.
I -E
z(Q
D )
O
CO
s.
CO
E
E
I ôo 0_
.ç_
o CD CD CD CD CD CD CD CDo CD CD CD CD CD CD CD CDo CD CD CD CD CD CD CD CD
C3 d d d d d d d d
+\ +1 +1 +1 -H 1 1 +1 +1 +1 -H
CO CO CD CM CO CO CD COCD CD CD 00 00 r - 00 OO ooLO lO LO LO LO LO LO LO LOm LO lO LO LO LO iq iq iq
CO CO CO CO CO CO CO CO COo CD CD CD o CD CD CD CDo CD CD CD CD CD CD CD CDo CD CD CD CD CD CD CD CD
o d d d d d d d d
+1 +1 +1 +1 +1 1 1 +1 +1 +1 +1
O) CD T— T - CM CM T— CD CDoo CD CD CD CD CD CD CD CDo CD CD CD CD CD CD CD CD
cvi CM CM CM CM CM CM CM CM
CM CM T - CMO CD CD CD CD CD O CD CD
O d d d d d d d d
+1 +1 +1 +1 +1 1 1 +1 + i +1 +1
LO CO CD M- CM LO CDO) CD CD CD) CO CO O) CD CD
d d d d d d d d d
S CMM. CM00 ? CDLO S CD00 CDCD 00LO
d d d d T " d d d
+1 +1 +1 +1 +1 4-1 +1 +1 +1
CD
h -
CDCD CDCO
LOCD O)CD p ! 0000 CD
dCO CO LOCD
idCD g NLO LOCD 9 ' dCO
CO
TT
CDLO LO COCD CD
CDCD s 00M- M-
d d d d d d d
+1 +1 +1 +1 +1 , , +1 +1 +1 +1
LO CXD CD UD S CD CDCD CO LO 00 M
dM-
CDCD idO) cdLO g dCO d cdCM
CO co CO M" CO CO CO CO COo CD CD CD CD CD CD CD CDo CD CD CD CD CD CD CD CDo CD CD CD CD CD CD CD CD
d d d d d d d d d
+1 +1 + I -H +1 ' ‘ +1 -H -H +1
lO M- LO CM OO CO CD CDo oo CO CD CM CM CD"4- LO r - CD r - LO N LO M"o CD CD CD CD CD
d d d d d d d d d
CO CO CO CO LO lO CO CO COo CD CD CD CD CD CD CD CD
o CD CD CD CD CD CD CD CDo CD CD CD CD CD CD CD CD
d d d d d d d d d
+ l +1 +1 +1 +1 ' ' +1 +1 +1 + I
O) CM CM N - CO CD CD CD h -CM M LO o LO CO N COCM CM CO LO oo r-- CO CM CMCD CD CD CD CD o o CD CD
d d d d d d d d d
CO CO CO CO LO LO CO CO COCD CD CD o CD CD CD CD CDCD O CD CD CD CD CD CD CDCD CD CD CD CD CD CD CD CD
d d d d d d d d d
+1 +1 +1 +1 +1 ' ' +1 +1 +1 +1
CO CO CD LO CO O) CD CD COCO oo r - M- CD 00 OO M-CM CM CO LO 00 oo CO CM CMCD CD CD CD CD CD CD CD CD
d d d d d d d d d
CM CM CO CO CO CO CO CO CMO CD CD CD CD CD CD CD CDCD CD CD CD CD CD CD O CDCD CD CD CD CD CD CD CD CD
d d d d d d d d d
+1 +1 +1 +1 +1 1 ' +1 +1 +1 +1
CO CD CD CD LO N CO CD CDCD CD oo 'M- CO CD CD CDo CD CD CD CD CD CD CD CDCD CD CD CD
d d d d d d d d d
CD CD CD N h - N . CD CD O CDid LO t TT M-' t LO LO LOCM
96
ü
%
S
roonm
9 7
Temp, range 
(°G) Xc(B)298(ps)
Tc(C)298
(ps)
AH*(B) 
(kJ mol'^)
AH*(C) 
(kJ mol"*) (mT)
Xc(B)/
Tc(C)
25.0 to -24.7 28.5 + 0.5 29.8 ± 0 .7 26.9 ±  0.4 28.3 ± 0 .6 1.5588 ±0 .0002 0.96
-24.7to 25.0 26.4 ± 3.8 27.4 ±4.1 34.1 ± 4 .6 36.1 ± 5 .0 1.5582 ±0 .0002 0.96
•Averaged over tem perature range (see tab le 3.4 fo r data)
Table 3.5: Calculated parameters for NaTMlOS In Ice cream with decreasing then
Increasing temperature
-22.4 
- 22.6 -  
- 22.8 -  
-23.0 
-23.2 -  
-23.4-
:
-23.6- 
-23,8 -  
-24,0 -  
-24.2 -  
-24.4
□ (B) decreasing temp,
o T (B) increasing temp.
— ! j i I i j i I Î i I ;
0.0033 0.0034 0.0035 0.0036 0.0037 0.0038 0.0039
1/T(K)
Figure 3.4: Ln tc plot fo r NaTMlOS In Ice cream with decreasing then Increasing
temperature
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(ii) TM IO
TMIO will partition between aqueous and non-aqueous media, as shown by 
Bottle et al®"^ . A 1:1 v/v solution of octanohwater containing 1 mM TMIO was 
shaken vigorously and allowed to equilibrate. Using ESR spectroscopy they 
showed that 99.7 % of the probe concentration was in /7-octanol and 0.3 % 
had partitioned into the aqueous phase. This proportion is small and as ice 
cream has a relatively high proportion of lipid phase (-12% of total 
mass/volume)^ the observed spectra will be that of TMIO in this phase. 
157 ml of ice cream mix was prepared before freezing. The quantity of TMIO 
added to the mix made a concentration of 1 mM assuming it dissolved in all 
phases. With an estimation of a 12 % lipid phase, the concentration of TMIO 
would be approximately 8 mM.
A sample of ice cream containing TMIO was centrifuged and a spectrum 
obtained from the two distinct phases, serum (aqueous) (tc(B) = 54.7 ± 6.5 ps, 
aN = 1.5737 ± 0.0001 mT, 24.2 °C) and lipid (xc(B) = 68.5 ± 0.4 ps, aw = 
1.3956 ± 0.0001 mT, 24.2 °C). Figure 3.5 shows these spectra run with the 
same settings and it can be seen that a very small percentage of the probe 
concentration is in the serum phase. The overall spectra are not influenced 
by this small contribution therefore, it can be assumed that the TMIO spectra 
of ice cream represent the lipid phase.
At high temperature (>0 °C) the TMIO spectra showed a relatively mobile 
probe as was observed for NaTMlOS in the aqueous phase. Unlike the 
sulphonate probe, the spectra observed with decreasing temperature 
gradually evolved into the rigid limit spectrum with no evidence for a sudden 
change in mobility (fig. 3.6).
See Table 1.1, page 28
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Figure 3.5: Spectra of TMIO in serum and lipid phases from centrifuged samples at
24.4 °C (note the difference in afg)
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Figure 3.6; TWliO in ice cream with decreasing temperature (-14.7 to -160.0 °C)
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Two experiments were carried out for TMIO in ice cream. The first involved 
decreasing the temperature from 25 the second involved decreasing the 
temperature initially in smaller increments from a lower temperature 
(-13.6 °C). As very low temperatures (down to -160 °C) were required, a 
lower starting temperature was needed to ensure that there would be 
sufficient liquid nitrogen. Rotational correlation times and activation 
enthalpies were calculated from the combined data (table 3.6) as for 
NaTMlOS and the data used and derived from EWVoigtN^®® are shown in 
table 3.7. TMIO also behaves isotropically in ice cream as shown by the plot 
in figure 3.7.
Temperature 
range (°C) ?c( 8)298(ps)
tc(C)298
(ps)
AH*(B) 
(kJ moi'^)
AH*(C) 
(kJ mol )^
Sn
(mT)
Xc(B)/
Tc(C)
24.9 to -24.7 79.7 + 6.0 76.9 + 4.8 31.4 + 2.2 37.4 + 2.1 1.3947 + 0.0032 1.04
Averaged over tem perature range (see table 3.7 fo r data)
Table 3.6: Rotational correlation times and activation enthalpies for TMIO in ice
cream
- 20.2  -1
 x^(B),R = 0.99913
In X, = 3473.90 (±43.68)(1/T) - 34.84 (±0.17) 
x,(C), R = 0.99933 
In x^  = 4345.86 (±47.94)(in ) - 37,86 (±0,19)
-20.4 -
- 20.6 -
- 20.8 -
5  - 21 .0 -
- 21.2 -
-21.4-
- 21.6
0.00385 0.00390 0.00395 0.00400 0.00405
1 /T (K )
Figure 3.7: Ln Xc plot for TMIO in ice cream (-13.8 to -2 4 .7  °C)
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EWVoigtN was used for the spectrum obtained at -25 °C. Though this shows 
slow mobility, a fitted spectrum was obtained. At lower temperatures, the 
spectra were analysed in the same manner as for NaTMIOS because of the 
onset of increased immobility.
Table 3.8 presents the derived data used in the analysis of the spectra 
showing the spin probe to be relatively immobile.
Temp
CO)
Distance between outer 
features (2Azl (mT)
S
-30.0 6.090 ±0.015 0.933 ±0.002
-35.0 6.165 ±0.015 0.944 ± 0.002
-40.0 6.180 ± 0.015 0.947 ± 0.002
-45.0 6.285 ±0.015 0.963 ±0.002
-50.0 6.285 ±0.015 0.963 ±0.002
-60.0 6.345 ±0.015 0.972 ± 0.002
-80.0 6.420 ±0.015 0.984 ± 0.002
- 1 0 0 . 0 6.450 ±0.015 0.989 ±0.002
-1 2 0 . 0 6.510 ±0.015 0.998 + 0.002
-140.0 6.525 ±0.015 1 . 0 0 0  ± 0 . 0 0 2
-160.0 6.525 ±0.015 1 . 0 0 0  ± 0 . 0 0 2
-170.0 6.525 ±0.015 1 . 0 0 0  ± 0 . 0 0 2
Table 3.8: Data derived form spectra showing slow motional rotation of TMIO in
ice cream
t r  was calculated for two different parameter sets, (A) and (B). For (A), 
a = 2.57 X  10'^° s and b = -1.78. For (B), a = 5.4 x 10'^° s and b = -1.36. 
These parameters were obtained from Goldman et and are for Brownian 
diffusion with peak to peak derivative Lorentzian iinewidths of 0.3 and 3.0 G 
respectively.
Figure 3.8 shows In tr v s . 1/T and In tc(B) for TMIO in ice cream.
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Figure 3.8: Ln tc plot fo r TMIO in ice cream showing x for the full temperature range
(25.1 t o -120,0 °C)
As for NaTMIOS, a sample of ice cream containing TMIO was gradually 
frozen then thawed in 10 °C intervals. Figure 3.9 shows the behaviour of tc 
with decreasing then increasing temperature.
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Figure 3,9: Variation of Xc(B) with TMIO in ice cream with decreasing then
increasing temperature.
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From the In xc plots, Xc (298) and AH* were calculated and these parameters are 
shown in table 3.9. The data derived from EWVoigtN are presented in table 
3.10.
Temp. 
Range (°C)
Xc(B)298(ps)
Xc(C)298
(ps)
AH*(B) 
(kJ mol )^
AH*(C) 
(kJ mol ")
ajsi
(mT)
Xc(B)/
Xc(C)
25.1 to -24.6 73.6 ±2.3 66.9± 1.1 31.3±0.9 37.7 ±0.6 1.3913 ±0.0025 1 . 1 0
-24.6 to 25.5 67.3 ±2.5 64.4+1.2 33.4 ± 1.2 38.7 ±0.6 1.3887 ±0.0026 1.05
“Averaged over temperature range (see table 3 .10  for data)
Table 3.9: Calculated parameters for TMIO In Ice cream with decreasing then
increasing temperature
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(iii) PTM IO
PTMIO, with the long alkyl chain in the 5-position, is solely soluble in the lipid 
phase. As with the other probes, a sample of ice cream containing PTMIO 
was centrifuged. This showed the probe to be completely in the lipid phase 
( t c ( B )  = 168.2 ± 0.8 ps, aN = 1.4024 ± 0.0001 mT, 25.1 °C). The probe 
behaves in much the same way as TMIO though there are some differences, 
which may be accounted for by the size of the molecule and the alkyl chain. 
The spectra of PTMIO and TMIO are compared in figure 3.10.
As for NaTMIOS and TMIO in ice cream, rotational correlation times and 
activation enthalpies have been calculated and presented in table 3.11. Table 
3.12 shows the data derived from EWVoigtN^
Temperature 
range (°C) Xc(B)298(ps)
Xc(C)298
(ps)
AH^(B) 
(kJ mol ")
AH":
(kJ mol ")
Sn*(mT)
Tc(B ) /
Tc(C)
24.9 to -9.7 168.3 ±4.3 138.0 ±2.9 34.1 ±0.3 42.0 ±0.4 1.4054 ±0.0025 1 . 2 2
“Averaged over temperature range (see table 3.12 for data)
Table 3.11: Calculated parameters for PTMIO in Ice cream
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Figure 3.10a: PTMIO and TMIO in ice cream with decreasing temperature
(25.0 to -15.0 °C)
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Figure 3.10b: PTMIO and TMIO In Ice cream with decreasing temperature  
(-15.0 to -60.0 °C)
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Below -25.0 °C, EWVoigtN could not be used to analyse the spectra as they 
showed the motion of PTMIO was too slow.
Table 3.13 shows data derived from these spectra using the estimation 
method of Goldman et The parameter S was determined and used in 
the calculation of t r  using the two parameter sets (A) and (B) (pg. 103).
Temp
(°C)
Distance between outer 
features (2Az') (mT)
S
-19.7 5.950 ±0.015 0.913 ±0.002
-24,6 6.000 ±0.015 0.920 ± 0.002
-29.6 6.112 ± 0.015 0.937 ± 0.002
-34.5 6.170 ±0.015 0.946 ± 0.002
-39.5 6.219 ±0.015 0.954 ± 0.002
-49.4 6.283 ±0.015 0.963 ± 0.002
-59.1 6.322 ±0.015 0.969 ± 0.002
-70.0 6.368 ±0.015 0.977 ± 0.002
-89.9 6.430 ±0.015 0.986 ± 0.002
-109.9 6.521 ±0.015 1 . 0 0 0  ± 0 . 0 0 2
-129.9 6.521 ±0.015 1 . 0 0 0  ± 0 . 0 0 2
-149.8 6.521 ±0.015 1 . 0 0 0  ± 0 . 0 0 2
Table 3.13: Data derived from spectra showing slow rotational motion of PTMIO in
ice cream
Figure 3.11 shows the plot of In Xc across the temperature range 24.9 to 
-89.9 °C for PTMIO in ice cream.
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Figure 3.11: Ln Tc plot fo r PTMIO in ice cream showing x for temperature range 24.
to -89.9 °C
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(iv) Multi-Probe Studies
TMIO and NaTMIOS were introduced into ice cream simultaneously and 
spectra recorded with decreasing temperature. The probes have different an 
values due to the two different media and therefore it should be possible to 
deconvolute the spectra obtained. Figure 3.12 shows the series of spectra 
recorded and figure 3.13 shows the spectrum at 15.1 °C indicating the 
TMIO(+) and NaTMIOS(*) probes. Figure 3.14 shows the expanded spectrum 
at -25 °C demonstrating the presence of the two separate probes at this 
temperature. Rotational correlation times and activation enthalpies were 
calculated for each of the deconvoluted (decon.) spectra (table 3.14) from the 
two sets of data derived from EWVoigtN (table 3.15). Table 3.14 also shows 
the parameters calculated for samples containing either TMIO or NaTMIOS 
(single). Figure 3.15 presents the plots of In t c  v s . 1/T from which the data in 
table 3.14 were derived. The plots show both probes to be rotating 
isotropically.
Probe Sample Tc(B)298
(ps)
tc(C)298
(ps)
AH^(B) 
(kJ mol'^)
AH*(C) 
(kJ mol )^
Sn
(mT)
NaTMIOS Decon 32.2 ±0.5 34.4 ± 0.8 24.5 ± 0.4 25.9 ±0.6 1.5558 ±0.0007
Single 32.4 ±0.6 32.4 ± 1.1 27.3 ±0.5 29.4 ±0.9 1.5583 ±0.0003
TMIO Decon 65.7 ±2.0 62.2 ± 2 . 1 32.5 ±0.9 38.1 ± 1.0 1.4023 ±0.0051
Single 79.7 ±6.0 76.9 ±4.8 31.4 ±2.2 37.4 ±2.1 1.3947 ±0.0032
*Averaged over temperature range (see table 3.15 for data)
Table 3.14: Rotational correlation times and activation enthalpies for the
deconvoluted (decon.) spectra and of samples containing only TMIO or 
NaTMIOS (single) for comparison
Figure 3.16 shows two of the spectra deconvoluted by EWVoigtN at 25 °C 
and -9.8 °C.
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Figure 3.12: TMIO and NaTMIOS in a single sample of ice cream
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a) NaTMIOS
b) TMIO
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Figure 3.15: Ln Xc plots of data derived from  deconvoluted spectra a) NaTMIOS and
b) TMIO
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A 25.0 °C -9.8 “Cj
Original Spectrum
deconvoluted
NaTMIOS
-1 ,
deconvoluted
TMIO
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Figure 3.16: Two spectra of a sample of ice cream containing both TMIO and
NaTMIOS deconvoluted using EWVoigtN
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(V) Discussion
The serum phase (continuous aqueous phase) was analysed using 
NaTMIOS. The nitrogen hyperfine coupling constant, an, indicated that the 
probe was situated In this phase (bn = 1.558 mT) which was close to the value 
obtained for NaTMIOS in water (a^ = 1.560 mT). This value for water agrees 
closely with that reported by Belton et (aN = 1.569 mT). As well as aN, the 
spectrum showed the probe was present in a single environment and the 
centrifuged sample confirmed this. Table 3.16 shows a summary of the data 
from this study and that obtained for NaTMIOS in water.
Medium Tc(B)298 (ps) AH*(B) (kJ mol"') 3n 298{mT)
Ice cream 32.4 27.3 1.558
Water 1 0 . 1 17,5 1.560
Water®® 16* 18.6* 1.569
* at 293 K
Table 3.16: Tc(B) and AH*(B) for NaTMIOS in different media
Although the aN values are very similar, the activation enthalpies derived for 
each sample however, differ significantly. The serum phase in ice cream 
contains various solutes including sugar and minerals. Sugar increases 
viscosity^"*® and this is reflected in %c(B)298 for ice cream. The value obtained 
for ice cream is three times that for water and the probe’s mobility is evidently 
inhibited by the presence of the solutes. As the temperature is lowered, the 
mobility of the probe is hindered further indicating an increase in 
microviscosity. This is to be expected because as the temperature is lowered 
more ice crystals begin to form concentrating the solution. The crystals are 
reported to be pure water®®, which is confirmed by the absence of any 
immobile component of NaTMIOS. If the NaTMIOS probe were trapped in an 
ice crystal this would be evident in the spectrum. The spectra indicate a
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relatively mobile probe showing no indication of the presence of an immobile 
probe. A temperature is reached where the concentration of the serum phase 
is such that the mobility of the spin probe is slowed sufficiently that a solid- 
state spectrum is recorded. This occurs within 1 °C at -18 to -19 °C.
As the temperature is decreased there is also a general reduction in aN- As 
the serum becomes more concentrated, more sugar molecules surround 
NaTMIOS than water molecules, resulting in a reduction in the polarity of the 
surrounding solution. Half the free water that was present in the ice cream mix 
is frozen at -5 Hartel '^^ reports that ice crystals are formed with a mean 
size of -45-50 pm and that -75-80 % of the available water has been frozen 
at -18 °C. The remaining serum phase is highly viscous due to the sugar 
content, explaining the reduced mobility of NaTMIOS.
The sample of ice cream which was subjected to decreasing then increasing 
temperature showed that Tc(B) did not vary at the higher temperatures (>0 °C) 
but a change occurred in the spectrum at -5 °C on increasing the temperature. 
On decreasing at -15 °C the spectrum showed the probe to be mobile, but 
going down to -25 °C the spectrum changed to show a relatively immobile 
probe. On increasing the temperature, the probe appeared to remain 
relatively immobile at -15 °C. A period of 20 minutes was left between the 
change of temperature and running the spectrum to allow the sample to 
equilibrate thermally. During this time, some of the ice crystals would have 
melted and that may not have been enough time for the water and viscous 
serum phase to mix. This mixing is likely to be by diffusion as the probe is still 
present in the serum phase. As there is evidence from the spectrum that the 
probe is in a single environment, the time was not sufficient for the pure water 
to diffuse into the serum, thus diluting it. At -5 °C, xc(B) is greater showing 
slower mobility but from 5 °C up the viscosity is as before. This suggests that 
the system is slow to recover but changes that do occur on lowering the 
temperature are not irreversible within this temperature range. The tc(B)298  
calculated from the curve differs due to the slower Tc(B) at -15 °C when
122
increasing temperature (after freezing). This will account for the higher 
activation enthalpy on warming the sample. The hyperfine coupling constant 
on lowering the temperature decreases by about 0.001 mT, indicating a 
change in the surrounding environment, which is to be expected in a freeze­
concentrated solution. The g-factor was calculated from accurate readings of 
the magnetic field and frequency when the ice cream sample containing 
NaTMIOS was lowered in temperature then raised, g increases with 
decreasing temperature, which is expected as the serum is becoming less 
polar.
TMIO and PTMIO both report on the lipid phase in ice cream. Though TMIO 
has limited water solubility, through centrifuging it was shown that only a small 
percentage was dissolved in the serum phase and hence it was concluded 
that the spectra obtained for TMIO applied to the lipid environment. This is 
confirmed by aN and shown in table 3.17.
Probe Temp Range Tc(B)298 (mT) AH*(B) (kJ mol"') g* a N *(m T )
NaTMIOS 24.9 to -14.7 32.4 ± 0.6 27.3 + 0.5 2.0011 ±0.0003 1.5597 ±0.0003
TMIO 24.9 to -24.7 79.7 ±6.0 31.4 ±2.2 2.0012 ±0.0003 1.3947 ±0.0032
PTMIO 24.9 to -4.9 168.3 + 4.3 34.1 ±0.3 - 1.4054 ±0.0025
* g and an are the averaged value taken across the temperature range for comparison
Table 3.17: Tc(B) and AH^(B) for TMIO, NaTMIOS and PTMIO in ice cream
Activation enthalpies increase from NaTMIOS to PTMIO as does X c (B ).  
PTMIO and TMIO have significantly different Xc(B)298 values. These were 
calculated only for the spectra in which the probe was seen to be relatively 
mobile (using EWVoigtN^®®). At a given temperature, TMIO was more mobile 
than PTMIO. The lipid phase will consist of fat globules and fat crystals^®. 
Xc(B)298 for TMIO is just under half that for PTMIO. One explanation is based 
on the size of the molecule. PTMIO has a long chain alkyl group in the
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5-position making it a larger molecule, also it is much less symmetrical 
resulting in more degrees of freedom. Another possibility is that the PTMIO is 
more lipophilic than TMIO, hence maybe more closely associated with the fat 
crystals, however there will be little liquid fat remaining at temperatures 
around -25 Fat crystallisation occurs within fat globules and is induced 
when the ice cream mix is cooled to 5 °C^ ®. The spectra obtained for TMIO 
remain relatively mobile until about -19.6/-24.6 °C when the character of the 
spectra changes. As the spectra suggest, TMIO is more associated with the 
liquid fat whereas PTMIO is possibly more associated with the fat crystals. 
There is a slight variation of aN between the two probes outside experimental 
error. This would suggest that TMIO is in less polar environment. aN 
calculated for TMIO in ice cream generally decreases with decreasing 
temperature whereas for PTMIO, aN increases. TMIO is in an environment 
that gets less polar as the temperature is lowered whereas PTMIO is in an 
environment that would appear to increase in polarity. The g-factor was 
calculated for TMIO in ice cream from accurate readings of the magnetic field 
and frequency. On decreasing the temperature g increases, which is as 
expected if, the phase is indeed decreasing in polarity.
As for NaTMIOS a sample of ice cream containing TMIO was frozen gradually 
then thawed. As shown in figure 3.9, Tc(B) did not change on thawing, unlike 
NaTMIOS. The serum phase has a greater change in physical state 
compared to the lipid phase as shown by the sudden change in the spectrum 
of NaTMIOS at -18 °C. This experiment showed that there was no evidence 
of hysteresis in the lipid phase of ice cream with TMIO present.
For all three probes in ice cream, S was derived from the solid state spectra. 
Figure 3.17 shows S vs. T for all three probes. As previously discussed, the 
sulphonate probe went from being relatively mobile to being relatively 
immobile within 1 °C. Decreasing the temperature further after this point 
showed no change in the spectra and that the rigid limit had been reached. 
This is shown by figure 3.17 as S = 1 for NaTMIOS in ice cream.
124
OT
1.01 n
1.00
0.99
0.98-
0.97-
0.96
0.95-
0.94-
0.93-
o o A  o A  _ Am m m a m b a e
A
■ NaTMIOS
o TMIO
A PTMIO
— I— I— I— 1— I— ,— I— ,— I— 1— I— I— I— I— I— I— I— ,— r
-180 -160 -140 -120 -100 -80 -60 -40 -20 0
ICC)
Figure 3.17: S vs. T  for NaTMIOS, TMIO and PTMIO in ice cream
For TMIO and PTMIO there was still a change in the solid-state spectra as the 
temperature was decreased below -100 ^C. The rigid limit was reached at 
-140 for TMIO and -110 for PTMIO. As shown in table 3.18 the 
separation between the outer features at the rigid limit is identical for PTMIO 
and TMIO. This is not surprising as both probes are similar and in the same 
phase. The sulphonate has a slightly larger splitting due to the different 
phase.
Probe Azz (mT)
NaTMIOS 1.98 ±0.01
TMIO 1.87 ±0.01
PTMIO 1.85 ±0.01
Table 3.18:
*  A z  -
Az2  for NaTMIOS, TMIO and PTMIO in ice cream
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Tr was calculated for TMIO and PTMIO in ice cream. The plots of In xc 
(figures 3.8 and 3.11) showed the gradient to be less than that derived for xc 
and for both probes this gradient (for parameter set (A)) was 2242 ± 153 K for 
TMIO and 1639 ± 101 K for PTMIO. The correlation times derived by the 
method proposed by Goldman et a/^ ®® are >1 x 10'® s and <1.3 x 10'® s. They 
stated that if x r  <7 x 10'® s, S is undefinable as the spectral lines begin to 
narrow and converge. For long x r , the rigid limit is approached. The plots of 
In X r  and In xc are discontinuous; as a common temperature is approached, 
the XR values are considerably slower than the Xc values. The apparent 
discontinuity appears around -35 °C for TMIO with a smooth transition through 
-18 °C where there is a sharp change in the mobility monitored by NaTMIOS 
in the aqueous phase. The less mobile PTMIO on the other hand shows 
similar behaviour around the higher temperature of -20 °C and from the TMIO 
evidence there is no reason to associate this with the known change in the 
aqueous phase. Both probes show a change in the gradient resulting in a 
lower AH* for x r  data. The discrepancy most likely results from the parameters 
in the Goldman method that are inappropriate for these systems. The method 
was adopted because application of the F r e e d m e t h o d  proved intractable. 
This method also produces a discrepancy in xc, although only by a small 
factor when compared with values for the fast motion regime.
The difference between the hyperfines of NaTMIOS in the serum phase and 
TMIO in the lipid phase is great enough to enable the study of both phases 
simultaneously though this is not a necessary condition. The advantage of 
this type of study is that the changes that occur within a single sample can be 
followed under identical conditions. The spectra obtained show clearly a 
combination of two different species, TMIO and NaTMIOS. EWVoigtN can be 
used to deconvolute the spectra containing mobile species. Figure 3.12 show 
these spectra from each spectrum, xc and AH* were calculated from the 
deconvoluted spectra and when compared to the values obtained for 
individual samples containing either NaTMIOS or TMIO they are in close 
agreement. A summary of these data is presented in table 3.19.
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Probe Sample Xc(B)298 ps AH*(B) kJmol"* aN mT
NaTMIOS decon 32,2 ± 0.5 24.5 ± 0.4 1.56
single 32.4 + 0.6 27.3 ±0.5 1.56
TMIO decon 65.7 ±2.0 32.5 ±0.9 1.40
single 79.7 ±6.0 31.4 ±2.2 1.39
Table 3.19: Summary of data calculated from deconvoluted (decon) spectra of
NaTMIOS and TMIO (includes data from single samples)
These values show the potential of multi-probe studies of these systems 
without the need for separate samples.
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3.2.1.2. Chocolate
(i) TMIO
Chocolate differs from ice cream in that it is almost completely fat (not more 
than 2 % water)^^®‘^^ .^ TMIO was used to probe the system as the high 
percentage of fat ensured that only an insignificant amount would partition into 
the small proportion of aqueous phase present. Spectra were recorded with 
increasing (25.2 to 104.9 °C) and decreasing (104.9 to 25.2 °C) temperature. 
The chocolate sample was also gradually taken to a low temperature (24.9 to 
-84.6 °C). Figure 3.18 shows a series of spectra obtained for the higher 
temperature studies. These spectra were recorded with increasing 
temperature and are identical to those with decreasing temperature. There 
was not the lag observed in the earlier systems when frozen material thawed, 
this may be a reflection of the higher temperatures (and lower viscosities) 
involved. Figure 3.19 shows a selection of data collected for the low 
temperature experiment (24.9 to -84.6 °C) and figure 3.20 shows an 
expansion of the spectrum obtained at -54.1 °C.
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Figure 3.18: High temperature (25.0 to 105.0 °C) studies of TMIO In chocolate
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Figure 3.19: Low temperature studies (24.9 to -84.6 °C) of TMIO In chocolate
130
CO
R
RCO
N
N
5
§
N
N
N
O
05
CO
COI
1
IO
O
■gc
H
oÜ
s
<0
■g■2
8£
EI
§•o
0
1ra
È
a
CO
£3
CD
131
It is worth noting that an ESR spectrum was obtained for chocolate without 
any added spin probe. This consisted of a broad single line (fig. 3.21). This 
was tested with different brands and the single line appeared in all spectra at 
a very low concentration as indicated by the amplitude. The concentration of 
this radical and its intensity is small compared to TMIO present so the spectra 
shown in figure 3.18 and 3.19 shows no presence of an underlying spectrum.
X 10
322 323 324 325 326 327 328
Field Strength (mT)
Figure 3.21: Spectrum recorded from a sample of chocolate with no added spin
probe (expanded)
If the concentration of the probe is low enough and the single line radical is 
distorting the overall spectrum, it is possible to deconvolute using EWVoigtN. 
The spectrum (fig. 3.22) was deconvoluted into the two spectra shown in 
figure 3.23.
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Figure 3.22: (a) Recorded spectrum of TMIO In chocolate at low concentration
(b) expanded x4 showing underlying single line radical
(b)
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Figure 3.23: Deconvolution of spectrum shown In figure 3.22. (a) TMIO, (b) single
line radical present In chocolate, (c) residual and (d) expansion of (b).
1 3 3
As before, EWVoigtN^®® was used to fit the spectra of the relatively mobile 
probe. Tables 3.20 shows the data derived and figure 3.24 shows the effect 
of temperature on the Lorentzian linewidth.
0 .1 0 -n
0 .09-
0 .08-
i  0.07
0.06'
0.05 — I—  20 —|— 40
H Increasing Temp 
o Decreasing Temp
60
Temp (°C)
80
—I---- '----1
100 120
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Figure 3.24: Effect of temperature on Lorentzian linewidth W l(+1) for TMIO in
chocolate
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Figure 3.25 shows a plot of In t c ( B )  v s . 1/T for TMIO in chocolate with 
increasing temperature from 25.2 to 104.9 °C. As seen from the Tc(B)/tc(C) 
ratio in table 3.20, TMIO is isotropic hence Tc(B) is quoted. From the plot in 
figure 3.25 a definite break can be observed, therefore two linear fits were 
applied, one for the temperature range of 25.2 to 45.8 °C and the other for the 
higher temperatures (85.1 to 104.9 °G). The plot for decreasing the 
temperature from 104.9 °C is identical as indicated by the data in table 3.21.
-23.0 -I
-23.5 -
-24.0 -
CÛ -24.5-
-25.0
-25.5
-26.0
linear fit to temp, range 25.2 to 45.8 °C 
R = 0.99975 In t^= 4105.69 (±92.39)(1/T) - 36.99 (±0.30)
 linear fit to temp, range 85.1 to 104.9 °C
R = 0.99932 In 1^=2631.57 (±97.05)(1/T) - 32.57 (±0.27)
0.0026 0.0027 0.0028 0.0029 0.0030 0.0031 0.0032 0.0033 0.0034 
1 /T ( K )
Figure 3.25: Ln Xc plot of TMIO In chocolate for temperature range
25.2 to 104.9 °C
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Temp Range (°C) tc(B) (ps) AH*(B) (kJ mol )^ R (correlation)
a) 25.2 to 104.9 73.8 ±2.8 27.8 ±1.0 0.99557
104.9 to 25.2 74.5 ± 3.0 28.2 ± 1 . 1 0.99554
Temp Range (®C) T c ( B )  (ps) AH*(B) (kJ mol"') R (correlation)
b ) 25.2 to 45.8 83.6 ±2.9 35.2 ±1.2 0.9997585.1 to 104.9 48.3 ±2.0 21.7 ±0.9 0.99932
Table 3.21: Data calculated for TMIO in chocolate, a) one line fit to ail data for
increasing and decreasing temperature and b) two line fit to data 
increasing in temperature (as shown in fig. 3.24)
The data in table 3.21a show the parameters calculated from the linear fit 
using all data points. Table 3.21b shows the data derived from two linear fits 
to the data, 25.2 to 45.8 °C and 85.1 to 104.9 ‘’C.
A separate experiment was carried out at lower temperatures going from 24.9 
to -84.6 °C. EWVoigtN could only be applied to fit spectra down to -24.7 °C, 
after which the spectra represented the probe with slow rotational motion. 
Figure 3.26 shows the plot of In Tc for this data (table 3.20).
- 20.0 -
-20.5 -
-21 .0 -
-21.5-
5  - 22 .0 -
-22.5 - ■ --------0.9984
In = 3840.48 (±108.80)(1/T) - 36.06 (±0.40)
-23.0 -
x^ (C) R = 0.99969 
In = 4308.55 (±53.60)(1/T) - 37.49 (±0.20)-23.5 -
0.0033 0.0034 0.0035 0.0036 0.0037 0.0038 0.0039 0.0040 0.0041
1 / T ( K )
Figure 3.26: TMIO in chocolate, low temperature studies (24.9 to -24.7 °C)
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The two experimental sets of data were combined and figure 3.27 shows the 
plot of In Tc(B )  v s . 1/T.
linear fit from 45.8 to -24.7 °C
in t J B )  = 4025.15 (±72.50)(1/T) - 36.72 (±0.25)
R = 0.99919-21 -
linear fit from 85.1 to 104.9 °C
in = 2831.57 (±97.05)(17T) - 32.57 (±0.27)
R = 0.99932-22  -
-24 -
-25 -
-26
0.0026 0.0028 0.0030 0.0032 0.0034 0.0036 0.0038 0.0040
1/T (K)
Figure 3.27: Ln Tc plot of TMIO In chocolate for the full temperature range
24.7 °C to 104.9 °C Including data from all experiments
The spectra showing the probe with slow rotational motion (fig. 3.19) from 
-24.7 °C and below were analysed by calculating the parameter S. The 
spectra showed no changes in the separation of the outer features, hence 
S =1 and tr could not be calculated.
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(ii) Discussion
A single line ESR spectrum was found to be characteristic of chocolate and 
this is common to different types and brands. This suggests that it is 
connected with the formulation of the chocolate as opposed to the 
manufacturers’ method of production. The radical responsible for this is not 
known, however this single line spectrum does not present a problem when 
recording the spectrum of an added probe. The concentration of the unknown 
radical is very low and is masked by the concentration of the spin probe. A 
problem only presents itself at low probe concentrations. This however can 
easily be solved by the method of deconvolution (fig. 3.23)
Hysteresis studies were carried out on chocolate. The temperature of the 
sample was increased (10 °C steps, 20 min equilibrium) and then decreased 
in the same manner. Though the sample is slow to recover on decreasing the 
temperature, the effects would appear to be reversible. Wg decreases with 
increasing temperature to 104.9 °C and decreases again when the 
temperature is lowered back to 25.2 °C, however increases again when the 
temperature is lowered down to -24.7 °C. aN increases with increasing 
temperature suggesting an increase in polarity. Table 3.22 shows a summary 
of the data obtained. TMIO in chocolate appears to behave isotropically as 
indicated by the T c (B ) /tc (C )  ratio.
'Cc(B)298 (ps) AH^(B) (kJ mol"") R
increasing Temp 73.8 ± 2.8 27.8 ± 1.0 0.99557
Decreasing Temp 74.5 + 3.0 28.2 ± 1.1 0.99554
Table 3.22: Summary of data calculated for hysteresis studies of TMIO in chocolate
The rotational correlation times and activation energies indicate that there is 
no change in the sample when cooled slowly after heating. On plotting the In
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Tc graph, it was noted that the linear line of best fit had a low correlation as 
indicated by the R value in table 3.22. Two separate linear lines were fitted, 
one to the three high temperature points (85.1 to 104.9 °C) and one to the 
three low temperature points (25.2 to 45.8 °C). As shown by figure 3.25 this 
gave different lines with rather different values for Tc and AH* Table 3.23 
summarises the data calculated.
Temp Range (°C) Tc(B)298 (ps) AH*(B) (kJ mol'^) R
25.2 to 45.8 83.6 ±2.9 35.2 ± 1.2 0.99945
85.1 to 104.9 48.3 ±2.0 21.7 ±0.9 0.99920
Table 3.23: Summary of data calculated for the two best fit lines derived from TMIO
in chocolate from 25.2 to 104.9 °C
The correlation is improved and shows that the rate of increase of molecular 
motion increases at higher temperatures. The temperature where the two 
lines cross is around 60 °C. At this time there is no explanation for this as by 
40 °C all fat crystals of any type would have melted (see table 1.4, page 40), 
however an indicate an increase in polarity and a possible phase change.
In the low temperature studies it was expected that the spectra obtained 
would gradually evolve into a solid state spectrum indicating a gradual 
decrease in the rotation of the spin probe. As in the lipid phase of ice cream, 
when chocolate is frozen more fat crystals are formed causing a hindrance to 
the rotation of the spin probe. What is interesting is that the value of tc(B)298 
is the same within experimental error for both systems (74.5 ± 3.0 ps for 
chocolate and 79.7 ± 6.0 ps for ice cream) and the same within experimental 
error. This also applies to AH*(B) for both systems (28.2 ± 1.1 kJ moM for 
chocolate and 21.4 ± 2.2 kJ moM for ice cream). Chocolate and ice cream 
are two completely different systems in that the former has a continuous fat 
phase and is almost completely fat whilst the latter has a continuous aqueous 
phase.
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Analysis of the solid state spectra showed that the rigid limit was reached at 
approx. -35 °C, therefore tr could not be calculated as S = 1. Table 3.24 
shows the values of A^z derived for TMIO in chocolate and ice cream. Despite 
the differences in the food systems the values are close (±0.05). Though ice 
cream has a lipid and serum phase and chocolate is primarily lipid, TMIO only 
experiences the lipid phase hence the similarity in results for the two systems.
System Azz* (mT)
ice cream 1.87 ±0.01
chocolate 1.80 ± 0 . 0 1
Az -
Table 3.24: Azz for TMIO in ice cream and chocolate (lipid phase)
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3.2.1.3 Stabilisers
Typically, food research has been carried out using model sys tems^so  for 
ESR studies on stabilisers a model system for ice cream was used.
(i) Model Systems
Sugar solutions have generally been used to model the aqueous phase of ice 
cream^^^. Two in particular are 40 % f ructose^and 25 % sucrose^^^. Study 
of the function of polysaccharides has also been carried out in other sugar 
solutions^®'^® ’^ '^^ ®'^ '^^ ’^^ ®. In line with work carried out on NaTMIOS in aqueous 
sucrose solutions by Belton et 25 % sucrose solution was used. Cottrell 
et a/^^° studied the effect of stabilisers on the viscosity of an ice cream mix. 
Using a viscometer, they concluded that the behaviour of guar gum in an ice 
cream mix followed the trend of its behaviour when present in sucrose 
solutions.
(ii) Xanthan Gum
Xanthan gum is used in ice cream as a stabiliser though it is not in as 
common use as guar gum or locust beam gum. 25 % m/v sucrose solutions 
containing 1.0 mM NaTMIOS with different xanthan gum concentrations were 
monitored by VT ESR.
Table 3.25 shows xc and AH* calculated for each sample using the data 
derived from EVWoigtN^^^ (table 3.26). Each solution was visibly more 
viscous as the concentration of xanthan gum was increased. Figure 3.28
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shows a) rotational correlation vs. concentration of the gum and b) activation 
enthalpy vs. concentration of the gum.
7o Gum 'Cc(B)298
(ps)
T-c(C)298
(ps)
AH*(B) 
(kJ mol )^
AH*(C) 
(kJ mol )^
Sn
(mT)
Xc(B)/
tc(C)
0 19.8 ±0.3 19.7 ±0.3 26.1 ±0.4 27.8 ± 0.4 1.5644 ± 0.0003 1 . 0 1
0 . 1 27.3 ±3.2 25.7 ±4.0 21.9 ±2.5 24.9 ± 2.2 1.5642 ±0.0003 1.06
0 . 2 22.0 ±0.3 2 1 . 6  ± 0 . 2 26.5 ±0.4 28.5 ±0.3 1.5646 ±0.0003 1 . 0 2
0.3 21.8±0.3 22.4 ±0.2 26.9 ±0.3 28.4 ± 0.4 1.5640 ±0.0003 0.97
0.4 19.0 ±0.6 19.0±0.6 28.0 ±0.9 29.4 ±0.8 1.5629 ±0.0004 1 . 0 0
0.5 19.5 ±0.3 19.1±0.2 26.4 ± 0.3 28.4 ±0.3 1.5639 ±0.0003 1 . 0 2
Averaged over temperature range (see data in table 3.26)
Table 3.25: Xanthan gum In 25 % m/v sucrose solutions with 1.0 mM NaTMIOS (25.0
to -15.0 °C)
Spectra were also obtained for each sample (0.0 to 0.5 % xanthan gum) from 
“15 °C decreasing in temperature. Solid-state spectra were recorded below 
-18 °C and as for NaTMIOS in ice cream, this occurred suddenly within 1 °C. 
The solid-state spectra showed that the rigid limit had been reached resulting 
in S=1.
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Figure 3.28: Rotational correlation times and activation enthalpies for 1.0 mM
NaTMIOS in 25 % m/v sucrose with differing concentrations of xanthan 
gum
(ill) Guar Gum
Guar gum along with locust bean gum, is in common use, usually with other 
stabilisers present. Sucrose solutions (25 % m/v) containing 0.1 mM 
NaTMIOS and different concentrations of guar gum were analysed by 
VT-ESR. Table 3.27 shows parameters calculated for each sample from the 
data derived from EWVoigtN^^^ (table 3.28). Each solution appeared to be 
more viscous as the concentration of guar gum was increased. Figure 3.29 
shows a) rotational correlation vs. concentration of gum and b) activation 
enthalpy vs. concentration of gum.
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% Gum T:c(B)298
(ps)
tc(C)298
(ps)
AH*(B) 
(kJ mol )^
AH*(C) 
(kJ mol )^
Sn
(mT)
tc(B)/
Tc(C)
0 19.8 ±0.3 19.7 ±0.3 26.1 ±0.4 27.8 ±0.4 1.5644 ±0.0003 1 . 0 1
0 . 1 22.5 ±0.8 22.0 ± 0.4 24.7 ±0.8 27.1 ±0.5 1.5605 ±0.0004 1 . 0 2
0 . 2 20.1 ±0.9 20.9 ± 1.2 27.3 ± 1.2 28.5 ± 1.5 1.5626 ±0.0004 0.96
0.3 24.6 ± 0.3 21.6 ±0.5 26.5 ±0.4 27.8 ±0.6 1.5620 ±0.0004 1.14
0.4 23.1 ±0.4 22.5± 0.5 25.0 ±0.5 27.1 ±0.6 1.5600 ±0.0003 1.03
0.5 22.4 ± 0.3 23.4 ±0.5 26.1 ±0.4 27.4 ±0.6 1.5596 ±0.0004 0.96
Averaged over temperature range (see data in table 3.29)
Table 3.27: Calculated parameters for differing concentrations of guar gum in 26 %
m/v sucrose with 0.1 mWl NaTMIOS
30
-2 8
28 -
"O.
26 - -2 6
u 24 -
-2 4
2 2 -
- 2 2
2 0 -
0.0 0.1 0.2 0.3 0.4 0.5
stabiliser concentration (%)
Figure 3.29: Rotational correlation times and activation enthalpies for 0.1 mM
NaTMIOS in 25 % m/v sucrose with differing concentrations of guar 
gum (GG)
As for xanthan gum, a series of spectra were obtained for each sample with 
decreasing temperature from -15 °C. The solid-state spectra obtained 
showed that the rigid limit had been reached and no further changes 
occurred.
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(iv) Discussion
Xanthan gum and guar gum are two different types of stabiliser utilised in ice 
cream and from different sources. Table 3.29 shows xc(B) derived from 
spectra at 20 °C and -10 °C for xanthan and guar gum.
Cone
(%)
20 °C -10 °c
Xanthan gum Guar Gum Xanthan gum Guar Gum
(ps) Sn (mT) Xc(B)(ps)
3n (mT) ?4B)
(ps)
3n (mT) M B )
(ps)
3n (mT)
0 . 0 24.19 ± 0.50
1.5646 ± 
0 . 0 0 0 1
24.19 ± 
0.50
1.5646 ± 
0 . 0 0 0 1
80.70 ± 
0 . 8 6
1.5642 ± 
0 . 0 0 0 1
80.70 ± 
0 . 8 6
1.5642 ± 
0 . 0 0 0 1
0 . 1 33.53 ± 1.16
1.5639 ± 
0 . 0 0 0 1
29.50 ± 
0.70
1.5592 + 
0 . 0 0 0 1
93.19 ± 
0.87
1.5641 + 
0 . 0 0 0 1
85.50 + 
1.57
1.5605 ± 
0 . 0 0 0 1
0 . 2 26.83 ± 0.36
1.5648 + 
0 . 0 0 0 1
27.25 + 
2 . 1 1
1.5632 ± 
0 . 0 0 0 1
91.60 + 
0 . 6 6
1.5643 + 
0 . 0 0 0 1
84.04 ± 
1.49
1.5626 ± 
0 . 0 0 0 1
0.3 26.46 ± 0.55
1.5643 ± 
0 . 0 0 0 1
26.18 ± 
0 . 6 8
1.5621 ± 
0 . 0 0 0 1
93.13 ± 
0 . 6 6
1.5635 + 
0 . 0 0 0 1
87.05 ± 
1.50
1.5624 ± 
0 . 0 0 0 1
0.4 24.00 ± 0.17
1.5634 ± 
0 . 0 0 0 1
28.13 ± 
0.44
1.5612 + 
0 . 0 0 0 1
82.07 + 
0.65
1.5627 ± 
0 . 0 0 0 1
87.58 ± 
1.48
1.5590 ± 
0 . 0 0 0 1
0.5 24.18 ± 0.32
1.5640 + 
0 . 0 0 0 1
27.60 ± 
0.70
1.5608 ± 
0 . 0 0 0 1
80.83 ± 
0.64
1.5638 + 
0 . 0 0 0 1
90.05 ± 
1.63
1.5594 ± 
0 . 0 0 0 1
Table 3.29: Summary of data derived for xanthan and guar gum at 20 °C and -10 °C
With increasing concentration, xanthan gum shows a gradual decrease in 
tc(B) at both -10 °C and 20 °C whereas guar gum shows an increase at -10 °C 
and a decrease at 20 °C.
For xanthan gum solutions, Wg decreases with increasing temperature but for 
guar gum, though W q does generally decrease, the linewidth fluctuates.
Table 3.30 shows a summary of the results obtained for samples containing 
different concentrations of xanthan and guar gum in a solution of NaTMIOS 
and sucrose. The spin probe is behaving isotropically in all solutions as
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shown by the ratio i;c (B )/i:c (C ), therefore tc(B)298 and A H ^ (B )  are only quoted. 
Figure 3.30 shows a comparison between the two stabilisers
Gum % Gum 'tc(B)298
(ps) (kJ mol'"')
XG 0.1 27.3 21.9
XG 0.5 19.5 26.4
GG 0.1 22.5 24.7
GG 0.5 22.4 26.1
none 0 19.8 26.1
Table 3.30: Summary of results for xanthan gum (XG) and guar gum (GG) in 25%
sucrose solutions with NaTMIOS
From these results, xanthan gum appears to show a general decrease in 
microviscosity. Guar gum shows little change over the increase in 
concentration. From the appearance of the solutions, it is obvious that both 
gums increase the macroviscosity of the solution. At 0.5 % concentration, 
'Tc(B)298 for xanthan gum falls within experimental error of the sucrose solution 
containing no gum, however at a low concentration of 0.1 % there is an 
increase in Tc(B)298- Guar gum shows little change in Tc(B)298 with increasing 
concentration but is higher than the value obtained for the solution containing 
no gum. All values of Tc(B)298 are less than that obtained for ice cream (32.4 ± 
0.6 ps).
Both gums show a general increase in AH* with concentration. At 0.5 % 
concentration the value falls within experimental error of that obtained at 0 % 
concentration (26.1 ± 0.4 kJ moM).
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3.2.2 Spin labels
By covalently attaching a nitroxide radical to the molecule under study, its 
behaviour can be monitored by ESR spectroscopy.
3.2.2.1 Spin-Labelling: Stabilisers
Polysaccharides are of interest in this project because of their use as 
stabilisers within the ice cream system. A comprehensive review of the spin- 
labelling of carbohydrates was carried out in 1986 by Gnewuch and 
Sosnovsky^\ Within this review a section was devoted to polysaccharides 
and included in this were xanthan gum and guar gum, both of which are used 
in ice cream. The authors refer to two general spin-labelling techniques, 
specific and non-specific. Reactions occurring at selected positions and 
reagents chosen for their selectivity are typical of specific methods. It may 
also be necessary to protect certain hydroxyl groups to allow the reaction to 
be directed to the selected sites. Non-specific methods, as the name 
suggests, requires no protection of the hydroxyl groups and reactions can 
take place with a variety of substituents. There is usually only a small 
percentage of substitution^^ A small degree of substitution is desirable when 
spin-labelling in order to minimise perturbations to the molecule, which may 
change its properties. This small percentage is also ideal for ESR studies as 
low concentrations of the radical are desirable.
For xanthan gum, a specific method was selected and for guar gum a non­
specific method. Though polysaccharides have been spin-labelled^\ the main 
aim has been to evaluate their chemical structure^\ Low temperature studies 
of food systems have not been studied by ESR to date.
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(i) Xanthan Gum
The reaction involved a carbodiimide-mediated procedure, a method also 
used by Aplin^’ ®^. Carbodiimides are widely used for peptide synthesis and in 
organic media dicyclohexylcarbodiimide (DCC) is more commonly used. 
Within aqueous media and to promote the formation of amide bonds, 1-(3- 
dimethylaminopropyl)-3-ethyl carbodiimide hydrochloride (EDC) has been 
used more recentiy^^’*'^ ®.
It is thought that the reaction between amines and carboxylic acids, with EDC 
and at acid pH, proceeds in the way laid out in figure 3.31''^®.
Yalpani and Hall^®° covalently spin-labelled xanthan gum via carbodiimide 
coupling to the carboxyl functions of the glucuronic and pyruvic acid residues 
present in the gum.
"  HN. ,N-H* +
■NH
NHNX
O
R'NH
NH2 R
\  ,NH + R" 'N H
O
OA .
Figure 3.31: Proposed reaction mechanism by Aplln^^®
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The water-soluble urea by-product is easy to separate from the desired 
product through dialysis. An acidic pH is required for the above mechanism 
and an optimum of 4.5 to 6.0 has been found^^®.
Initially the labelling of xanthan gum was attempted using 4-amino-2,2,6,6- 
tetramethylpiperidine-1 -oxyl (ATEMPO) as the nitroxide label. This was 
essentially following the method of Yalpani and HalP^°. The reaction was 
finally attempted using 5-amino-1,1,3,3-tetramethylisoindolin-2-yloxyl 
(ATMIO).
The reactions were carried out as before, see section 2.1.18 of the previous 
chapter. A pH-stat was used to maintain the pH around 5 and the labelled 
gums were purified by dialysis to remove any unbound nitroxide radical and 
the urea by-product. After this intensive procedure, the polysaccharides were 
freeze-dried. Concentration was determined by running a set of ESR spectra 
of ATEMPO solutions with known concentrations.
The procedure for ATEMPO was also followed for labelling with ATMIO. 
Water was replaced with a 50 % aqueous ethanol solution.
(ii) Guar Gum
Mawhinney et have spin-labelled guar and locust bean gum by alkoxide 
ion acylation^^ using 3-chloroformyl-2,2,5,5-tetramethyl-3-pyrroline-1-oxide (I) 
(fig. 3.32).
Reagent (43) was prepared by treating 3-carboxy-2,2,5,5-tetramethyl-3- 
pyrroline-1-oxide (44) with thionyl chloride. Mawhinney et aF^ then 
proceeded to treat the gum in DMSO with a carbanion reagent, dimsyl 
sodium. Reagent (43) was added and after one hour at room temperature 
and after a further twenty minutes the solution was extensively dialysed.
157
O o
N—O*
43
HO
44
Figure 3.32: Nitroxide spin iabeis used by Mawhinney et al,177
The above mentioned procedure was carried out using a TMIO 
derivative (fig. 3.33), 5-chioroformyl-1,1,3,3-tetramethylisoindolin-2-yloxyl (38) 
(5-chloroformyi-TMlO). 5-chloroformyi-TMIO was prepared from CTMIO (17) 
by adapting the method set out by Rozantsev^^^. In the literature preparation, 
3-carboxy-2,2,5,5-tetramethyIpyrrolin-1 -oxyI in benzene was treated with 
pyridine and then after cooiing thionyl chloride. For the preparation of 
5-chioroformyi-TMIO, toluene replaced benzene (section 2.1.19). 
3-chloroformyi-2,2,5,5-tetramethyipyrroiin-1-oxyl is reported to hydroiyse 
readily^^® so precautions were taken with the TMIO derivative. It should be 
noted that over a few days, radical 38 appeared stable but as a precaution, it 
was prepared when required and stored in a vacuum desiccator.
O O
HO NO.
17
Cl NO.
38
Figure 3.33: TMIO derivatives used in spin-labelling guar gum
The carbanion reagent was prepared following the procedure described by 
Sandford and Conrad^^® and in section 2.1.20.
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The spin-labelled guar gum with the TMIO derivative, using the preparation 
described by Mawhinney et was obtained after extensive dialysis
(section 2.1.20). As for the spin-iabelled xanthan gum, the concentration was 
determined using known concentrations of CTMIO and ESR spectroscopy.
(iii) Synthetic Discussion
From these reactions there are a number of possibilities (i) the gum was not 
labelled, (ii) the radicai was caught in pockets formed by the gum chain and
(iii) the gum was iabelled and (iv), a mixture of (i),(ii) and (iii). The reaction of 
xanthan gum with ATMIO gave a product, which was not soluble in aqueous 
solutions, which suggested it had denatured. As stabilisers are present in the 
aqueous phase of ice cream, the product was unsuitable and set to one side. 
Combustion analysis results were obtained from the products. These data 
indicated that there was 24 mol% incorporation of the spin probe into xanthan 
gum and 3-4 mol% in the guar gum. Whether the TMIO is covalently bound to 
the gum or just present within pockets is undetermined from this method.
ESR spectra were recorded of both gums and show the presence of a radical. 
The spectra also indicated that the probe was in a single environment. This 
ieft two of the previous possibilities, (ii) and (iii). A sample of the 'labelled' 
gum was extensively washed with a small quantity of chioroform. The 
chloroform solution showed no presence of a radical, hence it was assumed 
that the gums were labelled.
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(iv) ESR Results
VT-ESR spectra were obtained for the labelled gums in water and with a spin 
probe in the presence of the unlabeiled gum for comparison. The spectra 
were similar to that recorded for NaTMIOS in water and solid-state spectra 
were obtained within a single degree (-18 to 19 °C) in all experiments. As for 
previous experiments, EWVoigtN^®® was used to analyse the spectra and the 
data derived are shown in tables 3.31-3.33. Plots of In Xc vs. 1/T were 
obtained from the parameters to calculate Xc at 298 K and AH*. These data is 
shown in table 3.34.
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(iv) Discussion
The spectra obtained for both the labeiled gums shows the presence of only 
one radical in a single environment. Both gums were extensively dialysed 
until no more radical was present in the wash solution.
The evidence indicates that the gums are labelled, however a longer Tc(B)29s 
value might be expected. The results show that the labelled gums do have a 
longer tc(B)298 than the solutions containing unlabelled gum indicating slower 
rotation, however the difference from tc(B)298 of the spin probes in water and 
with unlabelled gums present is not great.
Table 3.35 tc(B) derived for each sample at 20 °C and -10 °C.
Sample 
(aqueous, 
0.1 mM)
20 °C - 1 0  °c
Tc(B) (ps) 3n (mT) Tc(B) (ps) 3n (mT)
a LXG 21.17 ±0.55 1.6594 ±0.0001 44.24 ± 1.84 1.6650 ±0.0001
b XG 17.09 ±0.50 1.6563 ±0.0001 35.82 ± 0.46 1.6616 ±0.0001
c ATEMPO 7.60 ±0.15 1.6592 ±0.0001 34.74 ±0.80 1.6642 ±0.0001
d LGG 13.79 ±0.34 1.5694 ±0.0001 36.78 ±0.69 1.5690 ±0.0001
e GG 11.84 ±0.26 1.5658 ±0.0001 46.99 ± 1.77 1.5632 ±0.0001
f NaTMIOS 9.20 ±0.21 1.5579 ±0.0001 21.60 ±0.58 1.5599 ± 0.0001
Table 3.35: Parameters derived for (a) labelled xanthan gum (0.14 mlVI, 0.2 % m/v
gum), (b) xanthan gum (0.2 % m/v) In 0.1 mWI aqueous solution of 
ATEMPO, (c) 0.1 mM ATEMPO in water, (d) labelled guar gum (0.1 mM, 
0.2 % m/v gum), (e) guar gum (0.2 % m/v) in 0.1 mM aqueous solution of 
NaTMIOS and (f) 0.1 mM NaTMIOS in water
For all samples aN increases on lowering the temperature with the exception 
of the guar gum solutions. W g generally increases for all samples with 
decreasing temperature except NaTMIOS in water and guar gum in water 
where the linewidth decreases.
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The attempt to label xanthan gum with a TMIO derivative was not successful, 
hence the TEMPO derivative was used for ESR studies. A difference in the 
two probes can be seen in the tc(B)/tc(C) ratio derived for the two labelled 
gums. TEMPO is shown to be anisotropic whereas TMIO is isotropic.
The small difference in Xc between the labelled and unlabelled gum is smaller 
than expected. A possibility is that the covalent bond between the radical and 
the polymer is such that the it gives the probe relatively free mobility 
especially if pockets of solvent exist within the chains of the gum. The spin- 
label is therefore not rigidly attached to the gum.
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3.2.2.2  Spin Labelling: DATEM
(i) Previous Work
Dough and bread are food systems where a considerable amount of research 
has been carried Of particular interest is in the field of ESR
spectroscopy. Dr. L.A. Buggey (University of Surrey)®^ studied multi-phase 
bread and dough systems by incorporating derivatives of TMIO into the food 
then recording spectra at varying temperature using ESR spectroscopy. 
Another area of interest relating to the bread system was the use of DATEM 
(diacetyl tartaric acid esters of mono- and diglycerides). This group of 
compounds is used as 'improvers' which are added to the flour to assist in the 
rising of dough and improve the quality of the final bread product®^. Little is 
known of how these improvers work within the dough system hence Dr L.A. 
Buggey was also working at coupling the TMIO spin probe to the DATEM 
molecule®^. Once coupled and utilising ESR, it will be possible to study the 
DATEM's movements and any changes that occur from proving and baking 
the dough.
The reaction scheme proposed for the coupling by Dr. L.A. Buggey®^ is shown 
in figure 3.34.
The initial steps were successful and it was found to be relatively simple to 
deprotect the glycerol formyl group®^. Steps 3 and 4, the coupling of the spin 
label to the protected glycerol formyl however were not successful.
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HO—I 
HO­
MO—
O O O O
OH
- I CH2 OH
o o + X
OH
i) CulLi
NBn
NBn
o o
b) see  P TM IO  sche m e
NO.
HO— 1
de p ro tec tion —  O NO.HO—'
(a) X = Ci, 42% (b) See section 2.1, p 51
Br, 44.7 %
1, 9.2 %
Figure 3.34: Proposed reaction scheme fo r spin iabeiiing DATEM from  Dr. L.A.
Buggey®^
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(ii) Current W ork and Results
One reaction carried out by Dr. Buggey was to couple 5-bromo-1,1,3,3- 
tetramethylisoindoline to the alkyl halide derivative of the protected glycerol 
formyl (fig. 3.35).
BuLi
NH
Figure 3.35: Coupling isoindoiine to  protected giyceroi form yl
The reaction was unsuccessful, however it may be possible to couple the spin 
label to the protected glycerol formyl system by means of a Grignard coupling 
using a catalyst (fig. 3.36).
MgX
NBn +
catalyst
NBn
Figure 3.36: Grignard coupling to spin-label DATEM
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The amine group would need to be protected from the Grignard reagent as 
shown in figure 3.34. Initially the reactions were tried on a model system and 
the compounds selected are shown in figure 3.37. The choice 1-bromo-4-ferf- 
butylbenzene and 1-iodopentane was made by the availability of the 
compounds and similarity to the desired compounds.
Br
+ RMgX
(R - pentyl)
cat.
Figure 3.37: Grignard coupling involving 1-bromo-4-fert-butyIbenzene
The first catalyst considered was dilithium tetrachlorocuprate (II) (LizCkCu)^^^ 
This reagent has been used to enhance the efficiency of halide displacements 
with a Grignard reagent^®^. The reaction scheme adapted was that outlined 
by Nyman^®  ^ and can be found in the section 2.1.21. Figure 3.38 shows the 
reaction carried out.
. .  anh. diethyl ether I + Mg ___ Mgl
Mgl
U2CI4CU
or ►
PdCl2 (dppf)
Figure 3.38: Formation o f the Grignard reagent and coupling o f 1-iodopentane to  1-
bromo-4-tert-butylbenzene
The preparation of the Grignard reagent needed the magnesium to be 
crushed and a small amount of heat to initiate the reaction. Once refluxing
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had started, no additional heating was required and this continued until the 
majority of the magnesium had reacted.
The coupling was carried out at -78 °C following the preparation laid out by 
Nyman^®^ then allowed to warm to room temperature. There was no apparent 
reaction even after 48 h at room temperature. The NMR and GCMS data 
confirmed that no reaction had occurred.
The second catalyst considered was dichloro-[1 ,T-bis(diphenylphosphlno) 
ferrocene] palladium (II) (PdCl2(dppf)^^®. This catalyst has been used in the 
cross-coupling of sec-butyl magnesium chloride with organic bromides in 
diethyl ether^® .^ Table 3.36 shows the conditions used by Hayashi et al’'®^  for 
a variety of couplings using PdCl2(dppf). In the attempted coupling of C5H11I 
and 4-fe/t-butyl-1-bromobenzene, all reactions were carried out at room 
temperature so after the initial addition of the Grignard reagent at -78 °C the 
reaction mixture was allowed to warm up. The length of time varied. The 
NMR and GCMS data showed that some reaction had occurred but it was 
very messy and showed no clear indication of the desired product. The 
starting material was also detected.
It is clear that the conditions need to be optimised in order to obtain the 
desired product.
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GRIGNARD ORGANIC BROMIDE TEMP TIME (h) ISOLATED 
YIELD (%)
Mg Cl
PhBr rt 1 80
o c
rt 19 55
MeO—^  ^ — Br
rt 19 71
rt 20 80
Table 3.36: Conditions fo r couplings involving PdCbtdppf)
Both catalysts gave disappointing results however with time, using 
PdCl2(dppf), the conditions may be optimised to give a high yield product A 
reason for poor results may rest in the initial formation of the Grignard 
reagent. Difficulties were encountered in achieving the initiation of the 
reaction and though the majority of the magnesium turnings were eventually 
used in the reaction this took longer than expected. Attempts to form the 
Grignard reagent using 4-fert-buty!-1-bromobenzene were unsuccessful. 
Continuing this synthesis with addition of the catalyst and alkyliodide 
confirmed this, as the NMR spectrum was a sum of those of the two reagents, 
1-iodopentane and 4-f-butyl-1 -bromobenzene.
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3.3 CONCLUSION
TMIO and some of its derivatives have been invaluable in applying the 
techniques of spin probes and labels to food systems. NaTMIOS was utilised 
in studying the aqueous phase of ice cream and the study of polysaccharide 
stabilisers in sucrose solutions. PTMIO and TMIO were used in the study of 
the lipid phase of ice cream and the latter also within the chocolate system.
EWVoigtN enabled the spectra to be analysed and Lorentzian linewidths (W l) 
were derived. In the case of PTMIO and TMIO, it is possible to analyse 
spectra which were beginning to show features of slow rotation. From the 
spectra, it was not expected to get any usable data from the fitting program. 
However, the Lorentzian linewidths and hyperfine coupling constants derived 
fitted in with the data derived from spectra showing faster motion. W l could 
not have been derived from these ‘slow’ spectra by previous conventional 
methods involving direct measurement of widths and heights of the three 
lines. With the appearance of the outer features in the spectrum, another 
method of analysis was applied as the motion of the probe slowed further. 
This allowed determination of t r  for solid-state spectra; however, there was a 
discrepancy on the plots of In x with the tc values obtained at higher 
temperatures. This may arise from the use of different analytical methods.
The use of spin probes has enabled the aqueous and lipid phases of ice 
cream to be analysed. The differences in the behaviour of these two phases 
were evident with low temperature experiments. NaTMIOS showed a sudden 
change at -18 °C within the aqueous phase. On the other hand, TMIO and 
PTMIO showed gradual changes in mobility in the lipid phase.
TMIO partitions between hydrophilic and hydrophobic phases. In some 
systems containing a small portion of fat (e.g. dough®^), it is possible to 
analyse both phases simultaneously as EWVoigtN can deconvolute two "^^ N
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nitroxide spectra, ice cream has a significant lipid phase and it was shown 
that only a small amount of TMIO partitions into the aqueous phase. This 
small amount did not influence the overall spectra so for ice cream TMIO does 
report solely on the lipid phase. The technique of deconvolution was utilised, 
however, to study ice cream samples containing both NaTMIOS and TMIO. 
The results showed that deconvoluted spectra could be analysed 
successfully. This technique removes the need for two separate experiments 
with two samples containing the individual probes, hence reducing time and 
experimental errors arising from different experimental runs on the 
spectrometer.
TMIO in chocolate showed the ability of the probe to be applied to different 
food systems and also the stability over a large temperature range. The 
single broad line radical in chocolate is of unknown origin but presented no 
problems due to its low concentration. It was however shown that EWVoigtN 
could deconvolute the spectra so that TMIO can be analysed.
Increasing the concentration of gums used as stabilisers did not have a 
significant influence on the environment of NaTMIOS in the aqueous phase 
although it was observed that the samples increased in viscosity with 
increased concentration as expected. Xanthan and guar gum were 
satisfactorily spin-labelled and studied by ESR. The results suggested that 
the nitroxide moiety still had mobility similar to that of a spin probe in a sample 
containing no gum. The conclusion was made that the probe maintained its 
mobility through non-rigid attachment via the single covalent bond, particularly 
in the case of xanthan gum where it was attached to a long side chain.
Methodologies have been developed to utilise ESR in diffusion experiments, 
but for applications to ice cream a variable temperature device would be 
necessary.
ESR spectroscopy has thus been shown to be a useful tool in the study of 
multi-phase food systems.
APPENDICES
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APPENDIX A:
GCMS parameters
GCMS data were collected on one of two instruments at the Centre for 
Chemical Sciences, Royal Holloway, University of London.
1) A Hewlett Packard, HP5890 GC and HP570 series MSD was used for 
the majority of the analysis. The column in place was a J & W cat. no. 
112-5432, which had dimensions 30 m x 0.25 mm x 0.25 pm. The 
stationary phase was SE54. The operating software used was the HP 
Chemstation B.02.05.
2) A few samples were passed through a Finnigan MAT ITS40. The 
column used was a BPx5 SGE, which had dimensions 25 m x 0.25 mm 
X  1 pm. The operating system was Magnum Sys. 2.40 Finnigan.
For both instruments the injecting volume was 1 pi of a 0.1 % concentration of 
the desired compound in DCM.
The parameters used for both instruments are as follows:
MS information:
GC Information:
Solvent Delay: 4 min
Low Mass: 35
High Mass: 550
Threshold: 150
Scale max: 2000000
Inj. temp. A: 250 °C
Inj. temp. B: 280 °C
Det. A: 50 °C (off)
Det. B: 280 °C
Oven eqm. time: 0.5 min
Oven Max: 325 °C
Initial T: 80 °C
Initial time: 2 min
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APPENDIX B:
Experimental ESR Parameters
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APPENDIX C:
Use of Lineshape and Simulation Fitting Software
A spectrum is recorded in which is accessible on a PC interfaced to
the ESR spectrometer. The file obtained has an extension of *.fls which can 
be imported into MS Excei^.
EWVoigtN^^® can fit and simulate continuous ESR spectra of nitroxide 
radicals. The file *.fls is opened in the program and parameters added in 
order for the spectrum to be fitted. After fitting three files are saved, (i) a data 
file containing the derived parameters (see figure 0 .1) with extension *.fit, (ii) 
a file containing the fitted spectrum (*.001 ) which can be imported into MS 
Excef and (iii) a file containing the residual from the deduction of the fitted 
spectrum from the experimental (*.003). Ideally the residual would be a 
straight line but in reality, it is not.
(C) 1996, Scientific Software Services 
Best parameters for file - kgif082 
Number of points= 1024 Mode=<Magn. field>
Field from= 318.7073 
Field to- 333.6927 
Dispersion = 7.06E-02+/- 5.63E-03 
Parameters for center# 1 : 
g(iso)= 20.1063Position = 326.214+/“ 7.67E-04
Lor. ( 1)= = 0.3030+/- 2.90E-03
Total linewidth= 0.3162 
Lor. ( 0)= = 0.2475+/- 2.86E-03
Total linewidth= 0.2635 
Lor. (-1)= = 0.5777+/“ 4.89E-03
Total linewidth= 0.5848 Gaussian = 0,0647+/- 8.16E-03
N Hyperfine = 1.3475+/- 7.56E-04
Scaling= = 7.69E+02+/- 1.03E+02 
Chi square= 745.8365
Figure C.1 : Example o f data stored In a *.flt file
Microsoft® Excel 97 SR-1, Copyright© 1985-1997 Microsoft Corporation.
181
Note that the parameters are for ‘center T as the fitted spectrum is for a single 
nitroxide radical in one environment.
If the spectrum contains two nitroxide species or one but in two different
environments, it is possible to deconvolute them. As before a data file (*.fit) is
saved after fitting but includes the data for ‘center 2’. An extra file is also
saved which holds the spectrum for center 2 .
All these files can be imported into MS Excel^ and Microcial Origin 168
182
APPENDIX D:
Derivation of Equations used in Lineshape Anaiysis^®’®®’^ ®^
The three spectral lines that are observed for a nitroxide radical have a 
dependence on mi. Equation [D-1] shows this dependence where W(mi) is 
the linewidth (mi = +1, 0 , -1) which is the peak to peak width of the first 
derivative ESR line.
W(mi) = A + B(mi) + C(mi) [D-1]
A, B and C are parameters that depend on the magnitude of the magnetic 
anisotropies and on the rate of molecular reorientations in liquid (xc). 
Equations [D-2] to [D-4] show the linewidth for each spectral line.
W(+i) = A + B + C [D-2]
W(o) — A [D-3]
W(_i) — A - B + C [D-4]
In X-band, C » -B so from equations [D-2] to [D-4] it can be seen that the high 
field (mi = -1) is always broader than the other two spectral lines which 
approximately have the same width (peak to peak of the first derivative). 
From these equations, ([D-1] to [D-4]) values of B and C can be derived from 
the linewidths (equations [D-5] and [D-6 ]).
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B = 0.866[W(+i) - W(-i)] (mT)
C = 0.866[W(ti) + W(.i) - 2W,o)] (mT)
[D -5 ]
[D -6 ]
Two rotational times can be derived, xc(B ) and Xo(C), from equations [D-7] and 
[D-8],
to(B) = 1 5 B /(4 b A B „ )  (s)
Tc(C ) = 8 0 / ( 2 8 .0 2  X 1 0 V )  (s)
[D-7]
[D-8]
Bo is the spectrometer field and b and A  are constants which can be found 
from the anisotropic hyperfine interactions and g-factors for the radical given 
in table D.1 for TMIO and TEMPO.
A  =  2n^[gzz  -  (gxx +  9 y y )/2 ]/h  
b  =  47T[Azz “  (Axx A y y )/2 ]/3
(m T's^)
(mT)
TMIO and 
derivatives^®
TEMPO and
derivatives^®®
3n + Azz (mT) 0.500 + 0.015 1.00
3 n + Ayy (mT) 0.439 ±0.015 0.796
3 n +Axx(mT) 3.382 ±0.015 3.26
9zz 2.00820 ± 0.00010 2.00783
9vv 2.00523 ± 0.00005 2.00604
9xx 2.00147 ±0.00005 2.00270
Table D.1 : Anisotrop ic A and g values fo r TWIIO and TEMPO
Using equations [D-5] to [D-8 ] and the data in table D.1, equations [D-9] and 
[D-10] can be derived to calculate xc for TMIO radicals and [D-11] and [D-12] 
for TEMPO radicals.
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xo(B) = 5.75 (±0.3)[(Wl(-d -  WL(+i,)/Bo] x 10'^ (s) [D-9]
Tc(C) = 1.72 (+0.7)[Wl(»d + Wl(.i) -  2Wl(0)] x 10‘® (s) [D-10]
tc(B) = 8.81 [ ( W l (- i ) -  W l ( * d ) / B o]  X  10-' (s) [D-11 ]
T,(C) = 2.92 [Wl(.h) + Wl(.,) -  2Wl(0)] x 10'® (s) [D-12]
Comparing Xc(B) and Xc(C) gives an indication of whether the spin probe is 
undergoing isotropic or anisotropic rotation. If the ratio Xc(B)/xc(C) is close to 1 
then isotropic rotation is occurring. If the radical is undergoing isotropic 
rotation then xc(B) is measured. From equation [D-7], the anisotropic g-factor 
and hyperfine interactions are averaged by molecular motion whereas from 
[D-8], only the hyperfine interactions are averaged in Xc(C).
Nitroxide spectral lines have unresolved proton interactions giving an 
underlying Gaussian lineshape, broadening the linewidths. Experimental 
linewidths are a convolution of Lorentzian and Gaussian lineshapes. These 
are known as Voigt functions given in equation [D-13].
Wv = W l [1 +(1 +4(W g/W l) T / 2  (mT) [D -13]
Wv is the Voigt first derivative peak to peak linewidth and Wl and Wg are the 
Lorentzian and Gaussian linewidths.
From EWVoigtN, a lineshape simulation and fitting software program for ESR 
continuous spectra, the individual Lorentzian and Gaussian linewidths can be 
derived. Therefore, in all calculations of xc, Wl is used in equations [D-9] to 
[D-12].
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